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PREFACE TO SECOND EDITION 


The main subject-matter of this work was written during 1885 by 
Peter Schwamb and has been used since then, in the form of printed 
notes, at the Massac-imsetts Institute of Technology, as a basis for 
instruction in mechanism, being followed by a study of the mechanism 
of machine tools and of cotton machinery. The notes were written 
because a suitable text-liook could not bo found which would enable 


the required instruction to be given in the time available. They have 
accomplished the desired result, and numerous* inquiries have been 
jeceived for copies i^m various institutions and individuals desiring to 
use thtm as text-botrv^ outside demand, coupled witli a desire 


to reviso the notes, ' nanges and additions as experience 

has proved advisable, l ^ for publishing at this time. 

Very little claim is. to originality of the subject-matter 

which has been so fully cov\^\ by previous writers. Sach available 
matter hiis been used as appe^i^ld best to accomplish the object desired. 
Claim for consideration rests ^ )||gely on the manner of presenting the 
subject, which we haVe cn(}jj,,4|>red to make systematic, clear, and 
practical. • • ^ 

• Among the works coiisult<*s '^id to which we arc indebted for sug- 
.gostions and iliustratiqns arc folIoAviug: “Kinematics of Machin¬ 
ery," and “Der Konstfuktcur,'^by F. Rouleaux, the former for the 
discussion of>linkages, and the Itiijer for various illustrations of mechan¬ 
isms; “Principles of Mechan^^’ by S. W. Robin.son, for the discus¬ 
sion of non-circular wheels; ffl^inematics," by C. W. IVIacCbrd, for 
the discussion of annular»wh&^ and screw-gearing; “Mad and 
Millwork," by Rankine; “lilli^ Juts of Mechani'^m," by T. M ^devc; 
a^d “Elements of Machine FiQ-^yn," by W. C. Unwin. 


latics," by C. W. MacCbrd, for 
screw-gearing; “Mad and 
Mechani'^m," by T. M ^devc; 
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Elements of Mechanism 


CHAPTER 1 


INTRODUCTION 

1. A Machine is a combination of resistant bodies so arranged 
that by their means the mechanical forces of nature can be compelled 
to produce some effect or work accompanied wRh certain determinate 
motions.* In genval, it mnv bo proi)erly said that a machine is an 
asseniblage of parts^nterposed between the source of power and the 
woik, lor the purpostV;nt footing the one to the other. Each of the 
pieces in a machine f ^j^cef or helps to guide some of the other 


pieces in tlnrir motion. 

No machine can-move '^nor can it create motive power; this 
must be derived from exteri^fl sources, such as the force of gravita¬ 
tion, the uncoiling..of a spr^^ \, or the expansion of steam. As an 
example of a machine comm hV met with, an engine might lie men¬ 
tioned. It is able tb do ccrC‘‘<^^iefinite work, provided some external 
force shall act uporvit, settf “fd;he working parts in motion. It con¬ 
sists of a fixed frarhe, suppO Mig the moving parts, some of which 
cause the rotation the engineishaft, others move the valves distrib¬ 
uting the steam to 'ihe cylinder.^jand still other’s operate the governor 
which controls the engine. TjL^e moving parts are so arranged that 
th(^y make certain definite r^Oons relative to each othcciil-Dbn an 
external force, as steam pressO, is applied to the piston. 

2. A Mechanism is a po‘<l ^n of a machine where tv l’’^filsniore 
pieces are combined, so tK L;he motion of the first, ... ^^cis the 
motion of the others, aceorl^y^’to a law dependinf^ii the nature of 
the combination. B’or cxaii^^.i the combination ^i crank ilnd con¬ 
necting-rod with g^dds andi^nic, in a steam serving to con¬ 
vert reciprocating moti''^-thus be called a 

mechanism. 

The term Ehny^jMy Cow6/na<if>S..n^'^^etimes used synonymously 
with A Mcchatj^m. 

A machine is made up of a series or train db 

* Reuleaux: Kinematics of Machinery. '' ^ 
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3. The Science of Mechanism treats of the forms of the pieces 
used in the construction of machinery and the laws which govern the 
motions and forces existing in or transmitted by them. 

The operation of any machine depcmls upon two things; first, the 
transmission of certain forces, and second, the production of deter¬ 
minate motions. In designing, due consideration must be given to 
both of these, so that each part may be adapted to bear the stresses 
imposed on it, as well as have the proper motion relative to the other 
parts of the fnachine. The nature of the moveipenls does not depend 
upon the strength or absolute dimensions of flie moving parts, as can 
be shown by models whose dimensions may vary mu(!h from those 
requisite for strength, and yet the motions of the parts will be the same 
as those of the machine. Therefore, the force and the motion may be 
considered separately, thus dividing the science of Mechanism into 
two parts, viz.: 

I® Pure Mechanism, which treats and formstof the 

parts of a machine, and the manner . ng and guiding them, 

independent of. their strength. 

2° Constructive Mechanism, whicli^T^ „/es the calculation of the 
forces acting,on different parts of th^*Jchine; the selection of ma¬ 
terials as to strength and durability®! order to withstand these 
forces, taking into account the conve^ 4 nce for repairs, and'facilities 
for manufacture. 

What follows, will, in general, beS Iv incd to the first part, pure 
mechanism, or what is sometimes callA'^i'...le geometry of machinery 
bu^ in some cases the forces in actiorjPT^ill he considered. 

The definition of a machine rnighlfbe modified to accord with the 
above, as follows: 

A M'^chine is an assemblage of ^ying i)arts so connected that 
when’.< first, or recipient, has a cerBi motion, the^arts where the 
worki V- >nc, or effect produced, have certain other definite 
mot^*' V 

4. Follower. That ^ mechanism which js 

supposed to ca^jfi motion is called BLiriver, and the one whose 
motion is effectedm^called the foliowel^B . 

6. Frabie. Thf^yl ^j :^ of a macBin^Ba*strimure that supports 
the moving parts the paJ|^J!J5jj|||^ motion, of many 

of them directly. In discuB^^h^^otionl^||^l^moving parts, it 
is onvenient to refer them®IJ^I^* frame, even tlmlkh it may have, 
a^in the locomotive, an^^^n of its own. ^ 

, 6 Mode^lfpliieeSfS^ssion. If the action of natural forces of 
aitV ictioEf^marepulsion is not considered, one piece cannot move 
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another, unless the two are in contact or are connected to each other 
by some intervening body that is capable of communicating the 
motion of the one to the other. In the latter case, the motion of the 
connector is usually unimportant, as the action of the combination 
as a whole depends upon the relative motion of the connected pieces. 

Thus motion can be transmitted from driver to follower: 


1° By direct contact. 

2° By intermediate connectors. 


-7. Links and Banefs.* An intermediate connector can be rigid or 
flexible. When rigid it is called a link, and it can either push or pull, 
such as the connecting-rod of a steam engine. Pivots or other joints 
are necessary to connect the link to th(j driver and follower. 

If the connector is flexible, it is called a band, which is supposed to 
be inextcnsible, arvl only capable of transmitting a pull. A fluid 
confined in a suitabii»srcceptaclo may also serve as a connector, as in 
the hydraulic press. fo"’.d might be called a pressure-organ in 
distinction from the " A Ik^cef is a tension-organ. 

8. Motion is change ol.^^ Motion and rest are necessarily 

relative terms within the lii%^,’j,j'f our knowledge. We may conceive 
a body as fixed in space, biiXfWe cannot know that there is one so 
fixed. If two bodies, both im ^jng in space, remain in the same posi¬ 
tion relative to each other, tl 1> are said to be at rest, one relatively 


to the other; if they do not,}ceifcr may be said to be in motion rela¬ 
tively to the other. »iif^, 

Motion may thus be eitherv op/fye, or it may be absolute, provided 
some point is assumed as fixeci.. In what follows, the earth will be 
assumed to be at resi, and all mAions referred to it will be considered 
as absolute. f, . 

9. Path. A point moving Bjjr^pace describes a line calle(bl^path, 
which may be rectilinear or if^vilinear. The motion of ^vfy is 
determined by the paths of tki e of its points not on a str Ji’ine. 


If the motion is in a plane, fr | |points suffice, and if rej*^ .j *»*’, one 
p6int suffices to determine 1.lotion. ^ 

» 10. Direction. If a poino i moving along aj^traight path the 


end would be ne^ave and indict — sign. If a poin^ 

moving along a wrved path, the direction ^jk^y instant is along 
tangent to the curve and may be indicated as or nega __ 

as in the case of rectilinear motion. 


direction of its mo^n it# ady^ the line which -‘”‘^^itutes its path; 
motion towards oneitw^diL^^^ne bein-‘“" having positive 

direction and induarl motiSir toward the otlj^sr 

end would be ne^«ive and indh^^ — sign. If a poin^ 

moving along a wrved path, the direction ^kany instant is along 
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11. Continuous Motion. Whon a point continues to move indefi¬ 
nitely in a given path in the same direction, its mol ion is said to be 
continuous. In this ease the path must return on its(‘lf, as a ckcle ' 
or other closed curve. A wheel turning on its bearings affords an 
example of this motion. 

12. Reciprocating Motion. When a point traverses the same path * 
and reverses its motion at the ends of such path, the motion is said 
to be reciprocating. 

13. Vibration and Oscillation are terms applied to reciprocating 
circular motion, as that of a pendulum. 

14. Intermittent Motion. When the motion of a point is inter¬ 
rupted by periods of rest, its motion is said lo be intermittent. 

16. Revolution and Rotation. A point is said to revolve about an 
axis when it describes a circle of which the c(‘nter is in, and the plane 


is perpendicular to, that .axis. When all the posits of a body thus 
move, the] body is said to revolv*' Jiliout the If this axis passes 

through the body, .as in the case of a word rotation is used 

synonymously with revtdution. Thcj® «is often used synony¬ 
mously with revolution and rotation. ^aently occurs t hat a bodv 

not only rotates about an axLs passing yBugh itself, but also moves in 
an orbit about another axis. W 

16 An Axis of Rotation or revolutiv is a line whose direction is not 
changed by the rotation; a jixed axisM^na whose position, as W’oll as 
its direction, remains unchanged. 

17. A Plane of Rotation or is a phine perpendicular to 

the axis of rotation or revolution. 

18. Direction of Rotation or rcvolu^n is flefined by giving the' direc¬ 
tion of the axis and stating whct»‘r the turning is Right-handed 
(clockwise) or Left-handed (anti-clol wise). 

igr‘‘('ucle of Motions. When a n*||lanism is set in motion and its 
parti ‘through a series of movcmcR which are repeated over and 
ove3<^ ^’elations between and ordeA' the different divisions of the 
serierft'i. ^ the same for each lepet^^B , one of these series is called 
a cycle of mo1!i«ns. For example, o^A evolution of the crank of a 
steam engine caiL''s a series of diffe^K^ positions of the piston-rod, 
and this series of. )|k^ *»^ions is lepcatcd^^r and ^'cr for each revolu¬ 
tion of the ^ 

,20. Period of . «*4!iOT^R|^^*mo4)^p^lii5|L^'iplcting one cycle. 

Linear Speed is the^^L||itt^)tion of afrallh ^ along its path, or 
/ <J*rate at which a pou^K^pproaching or recc^g from another 
j^m tf in its nath. . point to which the motion of the moving 

^ 6 is fixed, the speed is the absolute speed of the point. 

V ‘ 


is a plfjiie perpendicular to 


‘r the turning is Right-handed 
wise). 

jiflanism is set in motion and its 
which are repeated over and 
the different divisions of the 
m , one of these series is called 
evolution of the crank of a 
positions of the piston-rod, 
r and Qi'cr for each rcvolu- 


lotion of a 


i iplcting one cycle. 
It' along its path, or 
c^g from another 
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If the reference point is itself in motion the speed of the point in 
(\uestion is relative. Linear speed is expressed in linear units, per 
unit of time. , 

22. Angular Speed is tin* rate of turning of a body about an axis, 

• or the rate at which a line on a revolving body is changing direction, 

' and is expressed in angular units per unit of time. 

' In ctuse a body is revolving about an axis outside of itself, any 
point in the body has only linear speed, but a line, real or imaginary, 
* joining.the point to the axis of revolution has angular speed, also a line 
Joining',any two points (tnj;he body has angular speed. 

23, Untforr^i and Variable Speed. Speed is uniform when equal 
spaces arci passed over in equal times, howtwer small the intervals 
into wbi(vh the time is divided. The speed in this case is the space 
passed over in a unit of time, and if 6 represent the space passed over 
in the time t, the spestd v will be 


. ii,‘-r (1) 

Speed is variable wlusV;nl fo^ 1 spaces are passed over in equal 
intervals of lime, increase „ ^^ices giving accelerated motion and 
decreasing'spaces giving retar*'motion. The speed, when variable, 
is the limit of the space pasvsed q‘yr in a small interval of time, divided 
by the time, when these interva \)f time become infinitely small. If 


6* represents the space passed ov'^' 'in the time t, then 

V = limit of ^occ'cai approaches zero, 

Mjilf, 


or 




( 2 ) 


The uniform speed of a point orpine is measured by the number of 
units of distance passed over in ^ unit of time, as feet per minqte, 
radians per becr)nd, etc. Whenf Je speed is variable it is 
by the distance which would be^^^^ssed over in a unit of tim- ^^le 
point or line letained throughout jhat time the speed which i j- , 


the instant considered. 

24. 


ofte 


arc 

4er 


led synonymously wvt-A speed, al- 
city includes direc^pon as well as 


Velocity is a word 

though, accurately speaking, mciuucs airec^ 

speed. The linear ve>i)city*of y‘?i)oint is not ful\y niotP®^ unless the 
direction in which it is^ '^pv ra|^ 'Af of iil® moving are 

both known. The of„^,.„^ie defined by 

giving its angular sa^^and the dim 
plane in which tho^ne is turning. 


ithe perpendicular to tb 


26. Linear Acceleration is the rate of chani 


jxne perpi 
hang^Xs^ 


I 


lifveas^veioci^ 


Since velocity involves direction as well as rate of moi,4to«}qj^n^ss 
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acceleration may involve a change in speecl or direction, or both. 
Any change in the speed takes placi* in a direction tangent to jihe 
path of the point and is called .tangential acceleration, while a change 
in direction takes place normal to the b^J^th and is called normal 
acceleration. This must never be confused with angular acceleration 
which will be discussed later. In general in this text only tangential 
acceleration will bi‘ considered and it will be understood that when 
the word acceleration is used in connection with linear motion it is 
intended to refer to the tangential acceleiation unless normal accelera¬ 
tion is definitely mentioned. The followiiig 1>\ample will make clear 
the meaning of terms in which tangmitial acceleration is expn*ssed: 

If a body is moving at the late of 1 ft. pei second at the end of the 
first second, 3 ft. per secorul at the end of the second second, 5 ft. 
per second at the end of the third second, etc., the sjx'ed is increasing 

Its acceleration is two feet 


at t 
per sc* 
A 
incr* 



2 ft. per second each second, 
ach second. 

n may be either positi 
e acceleration is jiositv 
is negative. If the spy 



its ^ 
^^ati 


acc 

each second the acidelation is unifoi 
different amounts at different timci 
At; rejirescnts the change in speed ii] 
tion a is uniform 


)ativ(.. If the*'speed is 
a» speed is decreasing the 
the same amount 


= M 


titnanges 

but if ^e speed changes by 
e accol||^ion is variable. If 
le time At, then, if the accelcra- 


(3) 




When the acceleration is variable 
< 

a = limit of 



approaches zero 


(4) 


j' ngular Acceleration is rail 
as in the case of linear acjt: 


Cl 


^uOi®Ycle Oion of rotation, or both, lo| 
a line is ti?Kiing in a plane with a ^01 



change of angular velocity. In 
ration, a change in either spt‘ed , 
be involved. I'‘or example, if 
mg angular speed it has angu¬ 
lar acccleratiiffWhich may be positsd^r negative; 01 if the direction 
of the plane of/O^ion is changing k^Jine alf^ has angular accelera¬ 
tion. Unlcss^f /"•wu j»t^ed angi||P^»»ceJ([Ation in this text will 
e under8too(rlpeedwf‘4hp^^ge i|itfmgtti. Angular accelera- 
‘ .011 is expressed in aiigujj^rajjPehange in^fH^giyier unit time (such 
^ radians, degrees, or^.tffutions ])er jiinute eaWi minute). Equa- 
ns f3) and (4ia3)mapply to angular acceleration if a and v are 
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27. Kinds of Motion. From the preceding discussion it is evident 
that motion, whether absolute or relative, may be classified as follows: 

Uniform motion — Accederation zero. 

Acceleration constant 
Accolerat ion variable 
Acceleration constant part of the 
time and variable part of the time. 



A body having uniform motion travels without change of speed, 
if aiiy normal accelcrati?)n is neglected, h’or example, if a block is 
slidinj^.on guides a distance of one inch each second, or a wheel turn¬ 
ing constantly at the late of 100 revolutions per minute, each would 
b(i said to have uniform mol ion. 

The most familiar example of motion having comiant acceleration 
is that of a body falling freelv undt'r the action of gravity. A weight 
dropped from a hoig*Vt will have at the start a zero spe^^&Under 
the actioja of the consi^;nt fo'i^e of griivity its speed will'|fl|HBe at a 
constant rate such tha^ ,^'^^::.end of one s(M*ond the H^^Hnrill be 
moving at the rate of ft. ])er second and have 

diopped IG.l.ft. A4 the two seconds it will hafe of 

(>4.4 ft. per second-aUtl will lT^\,;^e dropjx'd 48.^1 ft. during the second 
second. 'If the conssBit force S,^.(ing were of different magnitude the 
amount of aoceletatipir.would Ix^ '.lifferent but it would still be constant. 
The space moved over in succe^' x int('rvals of time by a botly having 
constant acceleration will be ir^ ' ratio of the odd numbers, 1, 3, 5, 7, 
9. etc. p . ? 

In the case of inachino' having variable raccelcration the 


constant acceleration will be ir^ ' ratio of the odd numlr 
■ 9. etc. p »..J 

In the case of inachinO' iV 4s having variable race 
variation docs not Usually f«lh)m any siinpK* law. 

One form of motion, -^'ith varnbl(‘ acceleration, % 
however, occurs not infrequcmtl; | ^d is known as f ; 
simple harmonic^otion. If asj ^mt.; as R, Fig. 1, 
moves with uniform speed arou^ ISll| circumference 
of a .semicircle ami another |t T moves acro.ss 
tW) diameter in the same ley 4 of time, the speed of 
that it wifi always be at |^hc ' /of a perpendicular let,/ 
th»' line A B, then T' is said b /vc harmonic motion. 
The relation betw^n tile * placement A T of 


of time, the speed of 2^ 


T 

/of a pei’peudic-iilar let,^<df fiom R toh 
/vc harmonic motion. 

)lacoment A T of ^,^,)^oint T from its ^ 


initial position and t^^ 

The acceleration of the poilpft T risffiy b^deCr^'^ as follows: 

Let s = AT; u — anguto speed of OR in rad^tle.ije^sema 
required for line QR to move through angle 0, Jiierefore 


oxpressf 




int T from its 
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of T in linear units per second, a = acceleration in similar units per 
K'cond each second. 

Then from eciuation (.5) 

.s = OR — OR cos 6 = OR — OR cos at. 


l^Yom equation (2) 


V = ^ = (oOR sin wL 
at ' 

dv d^is . 

a = -rr = - = u’OR cos (at, 
dt dt^ 


but 

Therefore 


cos <ai = 


OT 

OR 


a = (a’OR X = (aVT. 


(oa) 


'(‘lui^sj 


z 


be siK-h tlmt one or 
^le b('Rinniii{», th(‘n moves 
q^tlie motion, and has d(‘- 


Therefore the acceleration is propoi-tioiyil to the distance of the mov¬ 
ing point from tlu* center of its path. When T is approaching 0 its 
acceleration is positive* and when receshng from 0 the* acceleration is 
negative. 

The arrangement eif parts in a m(*e*h^ 
more of the pie'ces has an increasing s 
at uniform speen:! dining the greater* 
creasing speed at the i nd 
28. Modification of Motion. In the action of a mes*hani.sm the 
motiem of the followe‘r may ehffe'r frAi that of the* driver in kind, in 
spew'd, in dire'ction, or in all thre'e.A'Vs the paths of motion of the* 
driver and followe*r elepemel upon theflfcne'ctions with the frame of the 
majnne, the change* of meition in kl Bs fixeel, and it only remains to 
det.m-mine tlie relations of eliivction . spe*e\l throughout the motion. 

The Iain'S governing the changes in jfcrection and speed can be eleter- 
mhied by cemiparing tlie moveme'nlB eif the two pieces at»each instant 
of*'lheir action, and the mode of afidon will fix the laws. Therefore, 
•whaJtiSiyer the nature of the e‘ombimitten, if it is possible to determine, 

throughout the motion of the 
Inver and follower, the speed 
^’|dio and diiectioual n'lation, 
[he analysis will be complete. 
Either the speed ratii' or the 
^c^ionaKrelatiou may vary, 
LPi<?maii^he same throughout 
'UMlf a pOTf the two pieces. 
29.^‘lr®ec<^f Elements. In 
order that afly)ving body, as A 





ipeedter-^£ 

! if* '2 'V’ “• 


2), may remain ccPi^n'nally in (*ontact with an<^|h(.|. ],ody /?, and 
' ” , a definite path, R would l%ve a shape wliich 
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could be found by.allowing A to occupy a series of consecutive positions 
relative to B, and diawing the i'nvelope of all these positions. Thius, 
if A were of the form shown in the figure, the form of B would lie that 
of a curved channel. Therefore, in ord<*r to compel a body to move in 
a definite path, it must be paired with another, tin' shape of which is 
determined by the nature of the relative motion of the two Ixidies. 

30. Closed or Lower Pair. If one clement not only forms the 
envelope of the other, but enclose.s it, the forms of the elements being 
’geometrically identical, the one being solid or full, and the other 
being hollow or open, *vvd hav(* what may be called a closed pair, also 
called a lower pair. In such a pair, surface contact exists between the 
two mimbers. 

On the surfaces of two bodies forming a closed pair, coincident lines 
jinay be supposed to be drawn, one on each surface; and if these lines 
are of such form as to allow th(‘m to move along each other, that is, allow 
a ('(Tlaiii motion of t:'e two bodi(“' paired, three forms only can exist: 

1° ‘A straight line, ^ ^•.\*allows .straight translation (Fig. 3). 

2° Among plane c«..?[*.'%• or curves of two dimen.sions, a circle, 
which allows rotation, or t evolution (I'^’pp?. 4 and ■>). 

3° Among curves of three dimensions, thi* helix, wfiich allows a 
combination of rotation and straight translation (Fig. 6). 






Fio. 6 


31. Higher Pairs, i Th<? p /represented in 
the elementary bodies,H and*? not enclo‘<^ 

sense. Such a hair i u. 


sense. Such a fiair i ^ 

elements is along hnjju 
32. , Incompletet^irs of Elements. 


%xyx 111 t. ^ 


is not closed, as 
min the above 
mict between th ] 


32. , Incomplete#Pairs of Elements. it has been 

that the reciprocal restraint ol two, elements fon^S^ijE^ 


:*een 

aULT 
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and the form given to it, ri^strained the other. In certain cases it is 
only necessary to prevent forces having a certain definite dirccticm 
from affecting the pair, and in such cases it is no longer absolutely 
necossar^’^ to make the pair complett*; oik; element can then be cut 
away where it is not needed to resist tlu; forces. 

Tlie bearings for railway axles, the steps for water-wheel shafts, the 
ways of a planer, railway wheels kept in contact with the rails by the 
force of gravity are all examples of incomplete pairs in whicli the ele¬ 
ments are kept in contact by external forces. 

33. Inversion of Pairs. In Fig. 3 if B i^tlto fixed piece all points 
on A move in straight lines. If A wore the fixed piece all points in B 
would move in straight lines. That is, the absolute motion of the 
moving piece is the same, wldehcver piece is fixed. The same state¬ 
ment holds true of the pairs shown in Figs. 4, o and 0. 

This exchange of the fixedness of an element^with its partner is 
called the inversion of the pair, and in the case of any closed or lower 
pair it does not effect either the absolute a^^c^^.iaVwe motion. * 

In the pairs shown in Figs. 2 and 7, both which are higher pairs, 
the relative motion of A and B is the same when A is fixed as when B is 
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fixed. The absolute motion of A when B is fixed is 
not the same as the absolute motion of B when A is 
fixed. 

34. Bearings. The word bearing is applied, in 
general, to the surfaces of contact between two 
pieces which have ndativc motion, one of which 


supports or partially supports the other. One of the pieces may be 
stationary, in which case the bearing may be called a stationary 


bearing; or both pici’cs may be raqrong. 

1 • t __i _ 


The bearings may be arranged, According to the relative motions 
the^^gj.M allow, in three classes: i ^ 

ij^ straight translation the bl'^ings must have plane or cylin- 
(IrdlK a I’bi’Ces, cylindrical being ^derstood in its most general 

surf^^ of the moving pieces are called 
slides^ho^umf the fixed pieces, sli^n^or guides. 

2® For rotah^, or turning, the^arings must have surfaces of 
revolution, as ^ ’^ar cylinders, eoSk^ conoids or fiat disks. The 
surface of niece is c^L^ jm^al, neck, spindle or 

uvot; that nen ^iece*^l>^^']c, gudgeon, pedestal, 

umber-block^niow-blo^a]^'''* .or step. 
ri‘^° For translation tuv'^^tation combined, or wlical motion, they 
' may^ shape. Here the full piece is called a 

\ « open piece-a nut. 
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36. Collars and Keys. It is very often the case that pulleys or 
wheels are to turn freely on their cylindrical shafts and at the same 
time have no motion along them. For this purpose, rings or collars 
(Fig. 8a) are used; the collars I) and E, held by set screws, prevent 
the motion of the pulley along the shaft but allow it free rotation. 
Sometimes pulleys or couplings must be free to slide along their 




shafts, but at the san ^ LinflF- must turn with them; thc,v must then 
be changed to a sliding pair. This is often done by fitting to the 
shaft and pulley or sliding piece a key C (Fig. 8b), parallel to the 
axis of the shaft. The key may be ma<le fast to either piece, the 
other having a groove in which it can slidti freely. The above ar¬ 
rangement is very common, and is called a feather and groove or 
spline, or a key and keyway. 



CHAPTER II 

REVOLVING AND OSCILLATING BODIES 


36. Revolving Bodies.* One of the most common motions in ma¬ 
chinery is revolution or rotation about an axis. The rotating body 
may be a cylinder, or cone, or a piece of irregultir form. The shaft or 
element upon which the rotating piece is supported may turn with it, 
being itself supported in bearings and restrained from moving endwise 
by collars; or the shaft may be held stationary and the piece turn on 
the shaft. An example of the first case is shown in Fig. 9 and of the 
second case in Fig. 10. 

37. Angular Speed. Suppose some force is applied <o the shaft in 
Fig. 9 so that it is caused to turn arounSj^ say, 75 times in a^minute. 




If llfie wheel is fast to the shaft, the wheel will turn around 75 times 
in ^^nute. It would be said, then, that the wheel makes 75 revolu- 
tio*/, *• minute (usually abbreviatail thus: 75 r.p.m.) It is common 
speak of the angular spel^ or speed of turning in terms of 
re<^^ per unit of time, usually* minute or second. 

AnmilSf^^nit sometimes used for* eoasuring angular motion is the 
angle called clli^adian. This is th^iigle which is subtended ])y the 
arc of a circle eV’al in length to the\ dius. Since tlie radius i.s con¬ 
tained in the jC^^^erence of a circ]||^# tin^, there must be 2ir 
f radians in 36(^ is equal v — 57° 17' 42". 

y**^If a revolvil ^<Wfteel tu™ fcj^^ce per mini^^ angular speed as we 
^ve already seen is 1 r.pjj^SvawBmce one revolutRiij of the wheel causes 

this bogk/^^words revolw and turn will refer to turning about any 
'^fSStfOTOUtsidc the body in question, while rotate will refer only to 
_ -ooul an axis passing through the body. 
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any radial line on, the wheel to sweep over 360® or 2 tt radians, the angu¬ 
lar speed of the wheel is 2 tt radians per minute. Now, if the wheel 
turns N times i)e.r minute, the angular speed is N r.p.m. or 2 ttN radians 
per minute. That is, 

Angular speed in radians = 2t X number of revolutions. (6) 

Example 1. If a wheel turns SO r.p.m. its angular speed in radians is 
2 TT 90 = ^5.5 radians per minute. 

Referring to Fig. 11, let the body M be rigidly .attached to an arm 
which is turning arouitd the axis C, the arm and M revolving together. 
Then the lines CA and CB which join any two points A and B to the 
axis have angular speed about C and sineii the entire body is rigid and 
the angle ACB is constant, CA and CB each have the same angular 
speed as the arm. Moreover, since, as the body revolves, the line AB 
constantly changes direction, it may aNo be said to have angular speed, 
which, in this case, is the same as that of the lines CA and CB. 

If Af*is not rigidly attaclV«d to the arm but is rotating on the axis S 
wliich is carried by the arm, as in Fig. 12, the lines CA, CB and AB will 



Fig. 11 Fm. 12 


no longer necessarily have the same angular speed since th^ 
turned through in a given timcj^ these linos depeml not on 
speed at wdiich the arm is turnif g about C but also upou th<^ ’ 
which M is turning about the a " ? )S. 



*38. Linear Speed of a Poip*. on a Revolving Bodv^'‘Consider a 
point A on the circumference c' the wheel in Fig,. 9. j^hile the wheel 
turns once, A travels ovqy tl .’circumference of e ^cle of the same 
diameter as the wheej. or if ..avels 2 vR in., if ‘ of the wheel 

is R in. Then, if th " turns N tirr,r .. .Ct’-uv “ «mc. A trave’ J 


'{ in. Then, if th " turns N tinci^ ' «mc, A trr 

the circle N ti^ .^a unit of ‘ '*■ VTherefore; tne linear s 
[-he point A is 2WRN in. per unit of ^ffiliAvWriting this ir^e i 


travel 
r spe 


of the point A i 
of an liquation. 


IN in. pel- unit of frhujj^^riting this 

Linear speed of A — 2 irRN. ^ ^ ■ * 
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R the radius of A, Ri ilio radius of B, then the speed of P = 2tHN 
and speed of W = 2 -n-RiN, or 

Speed P _ R , 

Speed \V Ri ^ 

which is the same equation found when both points were on the same 
wheel. 

Example 3. Let tho diameter of d = 12 in. and the diameter of B — S in. and 
let the Hhaft turn l-J times per .seciond. 'Phen 

Spe('d /' =.27r'X 0 X l-i = 56.55 in. per second. 

Speed H'= 2 7r X 4 X li = :i7.70 in. per .second. 

Now, according to Kep 11, these; speeds should he in the ratio of 6 to 4 or 1.5 to 1, 
and if 5(5.55 is divided by 37.7, the re.sult is ecjual to 1.5 except for the slight error 
due to carrying tlie figures to tlie nearest hundredth of an inch. 


40. Relation between Forces and Speeds. Suppose that in Fig. 18 
it is assumed that there is n^ friction and tliat the weights of F and 
W are siicli that, if tho slutff is at rest, tho weights will just balance 
<*aeh other, or, if tlic shaft is caused to start tin-ning in a given direction, 
the weights will allow it to kcej) turning ct. a uniform speed. 

The work done by a force is (;qual to the force, expressed in units 
of force, multiplied by the distance through which the force acts, cx- 
pr(‘ss('d in linear units, provided the motion takes place in the direc¬ 
tion in which the force acts. Now, if friction is neglected, the work 
obtained from a machine must equal tho work put into it. Hence, in 
Fig. 13, if the falling weight P be consid(Te<l as the force driving the 
machine, the work put into the machine is the weight P multiplied by 
t.ho distance P falls. Th(‘ work obtained from the iijachine is the 
weight of W multiplied by the distance W is raiscHl. 

Th('n the weight of /* (in pounds or other weight units) multiv'hcd 
by thii distance P moves in a given length of time is equal to the lit 

of W multiplied by the distance it moves in the same time, t ^ its 

of weight and ilistance being the same in both eases. If the ^ > 

assumed to make N turns, the distances moved by P and IF ■< 
and 2 tRu\-, respectively. 



or 


Therefore, P X 2 rRN — IF X 2 ttRiN, 

, We ight of P ^ ^ / 

. of TF »■ 

Since from Eq. (llj the ^ 

Linear speed of P 
Linear speed of W Ri 
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(14) 


^ Weight of P Speed of W 

Iheroforc, Weight of W “ Speed of P ' 

41. Cranks and Levers. A erank may be defined in a general 
way as an arm rotating or oscillating about an axis. It may be 

thought of as a piece cut out of 



-( 

—-* 


r! 

— 

-J^ 


laws for 


revolving wheels 
to cranks. When 


Fig. 14 


often applied to the combination, 
particularly wlu'ii tin; motion is 
oscillafing over a n^alively small 
angle. 

In Fig. 15 the two arms of the love;* are shown at an angle of 1S()° 
with each other. This ct)nditiou docs not necessarily hohl,'however, 
for the two arms maj' make any angle wit h each other from 180® as in 
Fig. 15 down to 0® as in Fig. IG. When the angle Ix'tween the two 
arms is IcsS^han 90® as in Figs. 16 and 17 it is often called a bell crank 



lever» and wh^the angle is more than 90® as in Figs. 15 ami IS it* is 
often called These terms, howower, are used rather loosely 

and somewb 


^^-.y^angeably. 

In all following eqtiation holds true; 

K t' 

near speed A Distance of A from ax is 
Distance of B from axis 


— (15) 

Linearjjp^ed B Distance of B from axis ^ 

b**-^ways borne in mind that any equation such as Eq. (14) does 


^ ..^ 1 ^ into account. 
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The two lever arms may be in the same plane as in Figs. 15 to 18 or 
they may be attached to the same shaft but lie in different planes as 
in Fig. 19. 

42. Motion from Levers. It is often necessary to transfer some 
small motion from one lino to another. Three cases will bo considered 
which depend on the relative positions of the lines of motion: 

1° Parallel lines. 

2° Intersecting lines. 

3° Lines neither parallel nor intersecting. 

The first case is an application of the form of lever shown in Figs. 15 
and 16, and also Fig. 19 if the arms CA and CB arc in the same plane 



Fro. 18 Fig. 19 


passing through the axis of the shaft. The motions of A and B are 
directly proportional to their distances from the axis C. In Fig. 15, 
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be laid out which will give motion along AD bearing a known ratio to 
that along BD. 

Draw the line DC, dividing the angle ADB into two angles ADE 
and BDE whose sines are directly proportional to the motions required 
along AD and BD respectively. 

'riiis may be done by erecting perpendiculai-s MN and PT on AD 
and BD in the ratio of the required motions along those lines, and draw¬ 
ing through their extremities N and T lines parallel io AD and BD 
respectively; the intersection of these lines at E determines the line 


• c 
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DE. Choose any point C in DE, and drop the perpendiculars CA 
and CB on AD and BD respectively; then ACB is the bell-crank lever 
required. As the kwer mov(;s 


A 


Linear speedjif A 
Linear speed of B 


sin CDA 
sin CDB 


It is (jvidlujt that, for a sinall angular motion, the; movements in 
AD and BD ar^very nearly rectilinear, and they will become more and 


more so the farl^^ C is removed fiDin tho^ioint D. 

Any sli/may occair perpendicular to the lines AD 
. and BD ^^for by the connectors used. It is to be 
L ■)ticed ^ ^^^^e^CT^^that for a given motion on the lines AD and BD 
I / ®se’>v dicular movements, or deviations, are less when the lever- 
^ ^ illi angles each side of the positions which they o(;cupy 

Hi ^’j,,,.Jfcfeficular to the lines of motion, and they should always be 

I'. >.♦* 
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arranged to so vibrato. By moving the point C nearer to D, at the 
sanlc tinn^ keeping the lover-arms the same, this perpendicular devia¬ 
tion could be disposed equally on each side of the lines of motion 
which is advisable especially in cases -where the deviation is allowed 



for by the^spring of the connecting piece. This is shown in position 
AxC\B\, Fig. 201). In Fig. 20 it wall be seem that A and B move in 
oppositt; directions, while. Fig. 21 show's the result if A and B are to 
move in the same direction. 



In the third case a lever of the type of h’ig. 19 w'ould 
the arras CA and CB making the proper angle with 


TV’ 
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BD be the lino along which i? is to give motion and AD the line along 
which A is to give motion. Let BD lie in the plane XY and AD lie in 
the plane V\V. To find the position of the line DC which is the trace 
of the plane containing the axis of the shaft, assume the plane VW to 
be moved to the left until it coincides with XY. Then lay out the 
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lever in the left elevation as descTibtKi 
for Fig. 20. Next assume the plane 
VW moved back to its proper posi¬ 
tion, carrying the arm CA with it. 

43. Effective Lever Arms. In 
the case of a lover in a position 



Fig. 24 


such as indicated in Figs. 23 or 24, the effect is the same, for the 
instant, as if the weights P and P\ were attached to the lever MCN, 
whose arms are found by drawing perpendiculars Lorn the axis C to 
the line of action of the forces exerted by the weights P and Pi. 
The perpendiculars CM and CN may be called the effective lever 
arms or moment arms of the weights. 






CHAPTER III 


BELTS, ROPES AND CHAINS 


44. Flexible Connectors.^ If the whool A, Fig. 25, is turning at a 
certain angular spcoil abmit the axis S its outer surface will hav(' a linear 
speed d('pendent upon the angular speed and the diameter of A. (See 
§ 38.) 

If a fl(‘xil)le hand is stretched over A, connecting it with another 
wheel B and tlu'rc' is sufficient friction hetw'(‘en the band and the sur¬ 
faces of the wheels to prevtur, 
appreciable sliitping, then the 
band w'ilf move with a lin^ir 
speed approximately <‘qual to 
the surface speed of .1, and will 
impart approximately the same 
linear s[)(‘eil> to the surface of B, 
thus causing B to turn. The 
wheels may be on axes which -jo 

are paralhd, i n t e j* s c t i n g, o r 

neither parallel nor intersecting. Flexible connectors may be divided 
into three general classes: 

1° Belts made of leather, rubbeu*, or woven fabrics are hat and 
thin, and reqhirc' pulleys nearly cylindrical with smooth surfaces. 
Flat ropes may be classed as belts. 

2° Cords made of catgut, leather, hemp, cotton or wire arc nearly 
cir(‘ular in section tauil retiuire (uther groovctl pulleys or drums W'ith 
flanges. Rope gearing, (dther by cotton or wire ropes, may be placed 
und( r this head. 



3*^ Chains are composed of links or bars, usually metallic, jointed 
together, and require wheels or drpm.s either grooved, notched, or 
toothed, so as to fit the lin^s of the chain. " 

For convenience the word band may be used a '*'' ^^ ul term to 

denote all kinds of flexible connectors. \ ? 

Bainls for communicating continuous motion are ' Y 

Bantls for communicating reciprocating motion are m \mat 
fast at their ends to the pulleys or drums which they connqi'oY^, * 
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HttHSurface and Line of Connection. Fig. 26 represents the 
■ cdge*vievC of'a piece of a })clt before l)einK wrapped aroiiud the pulley. 
If it is asfliuued'that tliere arc no irregularities in the make up of the 
belt the upper surface o is parallel to and equal in length to the sur¬ 
face i. Wlien this same belt is stretched around a pulley, as iirFig. 
27, the surface i is drawn firmly against the surface of the pulley while 
th(‘ surface o bends over a circle whose radius is greater than that of 
tlu' surface of the pulley by an amount equal to the belt thickness 2 p. 

0 The outer part of the Ix'lt must 
3- therdfore stretch somewhat and 


A 


Q. 


3 - 
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Fig. 27 


the iniu5r part compress. Theri^ 
will be some section between i 
and o which is neither stretehed 
nor compre.ssed and the name 
neulrat aediott may be given to 
this part of the belt. In the case of a flat belt tlu; rnnitral section 
maybe assumed to be half wa^-^ betwaam the outer and inner surfaces. 
An imaginary (cylindrical surface arouhd the pulley, to t^'hieh the 
neutral s(!ct,ion of th(5 belt is tangemt, is the pitch surface of the 
pulley, the radiuh of this ladiig the effective radius of the pullc}'. 
A line in the neutral section of the belt at the center of its width is 
the line of connection lietwi'cn two pulleys and is tangent io the pitch 
surfaces, and coincides with a lino in each pitch surface known as thi‘, 
pitch line. 

‘ 46. Speed Ratio and Directional Relation of Shafts Connected by a 
Belt. In Fig. 25 hd. the diameter of the puiley A be D inclu's, the di¬ 
ameter of B be Di inches and the lialf thickness of belt = p. Also let 
N represent the r.p.m. of aS", and A^ =- r.p.m. of Si. 

Then, from equation (7), 

Linear speial of pitch surface of A = wN (7) + 2 p), 
and Linear speed of })itch surface of B = tA* (Di + 2 p). 

If the belt speed is supposed to be (‘(jual to the speed of the pitch 
surfaces of the pulleys 


} 


or 


That i: 

m 


\ ai 

tiw me 


irN (0 + 2 p) ~ xA'I (Di + 2 p), 
N\ b~+2p' 


(1«) 


alfetrfar speeds of th(j shafts are in tlu; inv(Tse ratio of tlu* 
ecti^ meters of the pulleys, and this ratio is constant for circular 

Ily.J 
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As the thickness of belts generally is small as compared with^the 
diameters of the pulleys, it may be n«^glected. 

The speed ratio will then beconu! 


N _l)j 
N[ ” ’ 


(17) 


■ which is the eciuation almost always used in practical calculations. 


Example 4. Assume that, a shaft A makes .%0 r.p.m. On A is a pulley 24 ins. 
in dianioter br-ltetl to a pulley 3ti ins. in (iiarneter on another .shaft li. To find speed 
of .-.haft li. ■ ' 


hVom Eq. (17) * 

SpiH'd of A Diaui^of p\illey on B 

Spt?ed of li J)i:im. of pulley on .4 


Substituting the known values, tliis e(iuation becomes 

:k)t) :!(; 

Spe(>(.l of li 24 


T'lu'n'fore, S|)e('d <jf li^ X JitU) = 2i:0 r.p.m. 

Example 6. Suppose a shaft A making 210 r.p.m. is driven by a belt from a 30- 
in. pulley on anot.ln-r .^haft B whicli makes 1 !M p.m.] to find the size of tlu- pulley 
on A. • 


Using the principle of E(i. (17) 

• Sjieed of A 

Speed of li 

Therefore, ™ - — 

’ 110 .r 

Then a 20-in. pulley is requireii on .1. 


= — or .r 


Di.'Uio of pulley tm B^ 
Diain. of jniiley on .1 
3t) X Ml) . 
■ 210 —-“™- 


The iclative directions iu which the pulloj's turn depend upon the 
intiniuT iu wliich the belt is pul on the pulleys. 'I’lie belt sliown in P'ig. 

25 is known as an open belt tind 
the pulh^ys turn in the .sauie 
direction, as suggCNSti'd by tlu? 
aiTOws. The belt shown in Fig. 

28 is known tis a crossed belt 
and the pulleys turn in opposite 
dimdions as indietiteil. 

47. Kinds of Belts. 'I’lie tna- 
terial most coiiiinoiily used*for ■»' 

flat belts is leather. For some kinds of work, howe\' Vnfrom 

cotton or other similar material arc used. When i., be 

run in a place where there is much moisture, it may be irf Wgely 
of riibbtu' propc^rly combined with fibrous material in orcj| ’ 

strenglh. ‘ . 
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Leather belts are made by gluing or riveting together strips of leather 
cut lengthwise of the hide, near the animars back. If single thick¬ 
nesses of the l(5ather are fastened end to end, the belt is known as a 
single belt and it is usually about in. thick. If two thicknesses 
of leather are glued together, flesh side to flesh side, the belt is known 
as a double belt and is from to g in. thick. Th(‘ manner of uniting 
the ends of the strips to form a belt, and of fastening togetlier the 
ends of the belt to make a continuous band for running over pulleys, 
is very important. A detailed discussion of these features is not 
necessary, however, in the present study of'^he subject. 

Leatluir belts always should be run with the hair side against the 
pulleys, if po.ssible. 

48. Power of Belting. The amount of power which a given belt 
can transmit depends upon its speed, its strength and its ability to 
adhere to the surface of the pulleys. The speed is usually assutiKnl 
to be the same as the surface sp(*(‘d of the pulleys. Tlu' strcaigth. of 
course, depends upon the width and'i.nickiKss and ui)on the nature 
of the material of which the belt is made. The ability to cling to the 
pulley so as to run with little or no .slipping depends upon the condi¬ 
tion of the pulley surfaces and of the surfaces of the b(‘It which is in 
contact with the pulleys, and upon the tightness with wliich the; belt 
is stretched over the pulleys. Since leather belts are mor(* common 
and more nearly uniform in their <*haracter than those of otln.'r ma¬ 
terials, the discussion of power will be confined to theim 

49. Unit of Power — Horse Power. In order to measure the 
power, or the amount of work done, by any force, it is necessary to 
have some standard of nicasureinent. A common unit for measur¬ 
ing work done is that known as the foot-pound. A foo|;-pound is the 
amount of work done in raising a one-pound weight a distance of 
one foot, or in moving any ntimber of pounds through such a dis¬ 
tance that the product of the force exerted multiplied by the distance 
moved is equal to one. For example, if a 12-Ib. weight, is lifted one- 
twelfth of a foot, the work done is 12 lbs. X ft. = 1 ft.-lb. 
If the apparatus furnishing the force to raise this weight is such that 
it can raise it in one minute, t he apparatus is said to be capable' of 
doing one foot-pound of work pei^minu^, or to have a ])ower of oni) 
foot-poufi^P^ • 'uiute. 

Yov urge quantities of power a larger unit is used, 

know/ power. One horse power is equal 33,000 ft.-lbs. of 

worlw meiiinute. For example, an engine which is eai)abl(‘ of doing 
ono^*'**^ >owcr work is one which can move 1 lb. through a distance; 
' . • .. per minute, or 33,000 lbs. 1 ft. per minute, or any num- 
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her of pounds through such a distance in a minute that the product 
of the force multiplied by the distance moved in a minute is 33,000. 

50. Tension in a Belt. In Fig. 29 suppose the pulley A is fa.'^t to 
the shaft and the pulley B fast to the sluift Ni. liCt it be assumed 
that when the shafts are at rest a belt is stretched over the pulleys 
as shown, the tightness with which it is stretched being such that 
th(‘rc is a tension or pull in the belt of a definite number of pounds. 
This tension is practically the 
same at all places in the licit 
and is called the initial tension. 

Let this initial tension be rep¬ 
resented by the letter T^. 

Suppose now that some external 
force is applied to the shaft S 
causing it to tend to turn in 
the direction indicated by the arrow. This tendency to turn will 
increase the^tension in the loweS^part of the hidt tsay between m and n) 
and decrease the tension in the upper part. Le^t the nc;w tension in the 
lower or tight side of the belt be repn;sont.ed by Ti (which is greater 
than To) and the tension in the upper or slack side by Ta (which is less 
than To)., 

If the bolt sticks to the pulley B so that there is no slipping, the 
force Ti tends to cause the pulley B to turn as shown by the full 
arrow and the force Ta tends to cause B to turn as shown by the 
dotted arrow. As soon as 7’i becomes enough greater than Tz to 
overcome whatever resistance the shaft aS’i offers to turning, the 
pulleys will begin to turn in the direction of the full arrow. The 
unbalanced force, then, which makes the driven pulley B turn is the 
difference between the tension 7\ on the tight side of the bolt and the 
tension Ta on the slack side of the belt. This difference in tensions 
is called the effective pull of the belt and is here represented by the 
letter FJ. 

I>om the above discussion it may be seen that the following equa- 
tion*holds true: 

Ti - Ta = E. (18) 

61. To Find the Horse P^er of a Belt. Since, as '■’•?Jained in 
the pr(‘vious paragraph, the effective pull is the forct 
enables it to do work, it follow's that the product of u ji tJ* 
multiplied by the speed of the belt in feet per minute wilt- 
foot-poimds of work per minute that the belt performs, and thA 
by 33,000 will give the horse power which the belt transmit4|j 




Fig. 29 
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the r.p.m. of and D the diameter of pulley A (in feet) the following 
equation expresses the horse power of the belt. 


Belt s peed in ft. per minute X E 
33,000 


H.P. 


(19) 


or 


TrPiV - T,) ^ 
33,000 


( 20 ) 


It is evident from the above that for a given bolt speed the greater 
the differoiM'e Ix'tween Ti and the more horse i)ower the belt trans¬ 
mits. Any figures which may be given 6>r the maximum allowable 

stre‘<s in a belt and the maximum ratio are noe(\ssarily approximate 

■t 2 

and somewhat a matter of opinion. For the purpose of illustrat¬ 
ing the method of calculating the jjower which a given b(‘lt might 

bo (‘xpected to transmit it will be assumed that >„' may not exceed \ 

. 1 1 ' 

and that the maximum allowable tLasion per inch of Alidth is 140 
pounds for a double leather belt and 75 pounds for a single b(‘lt. If it 
is still furtlier assumed that stresses due to centrifugal force may be 
neglected,’ 


T 7 

7 =-,! = y and T\ = 140 lb. per inch of width, 

whence 

1\ - n = 80 lb. 

= maximum effective pull per inch of width of double belt. 
T. 

Also 


= j ami r, = 73, 


whence * 

Ti — Ti ^ 43 U>. (nearly) 

= maximum effective pull per inch, of width of single belt. 

Substituting the.se value.s in Eq. (19),. 

Belt speed in ft. per minute X X width of heU in inches 

33,000 

= H.P. a single belt will transmit. (21) 
Belt speed in ft. per minute X HO x widtf^of belt in inches 
r , 33,000 

~ H.P. a double belt vull transmit. (22) 

C« must be made in equations (21) and (22) if the belt spei'd 

IS sjt. ft centrifugal force must be taken into account. It. must also 
. jnind that the figures /fS and 80 are subject to modification. 



. BELTS, ROPES AND CtlAINS 


27 


A simple and somewhat more conservative rule for estimating the 
power of a belt is known as the millwrights’ rule and has been deter¬ 
mined largely by experience. This rule i.s as follows: 

A single belt traveling 1000 ft. -per minvU will transmit 1 II.P. per 
inch of width and a double belt traveling 560 ft. per minute will transmit 
1 H.P. per inch of width. 


Whence 

Belt speed in ft. per minute X width of belt in inches _ 

■ . 1000 ,' "" “ 

• H.P. a single bell will transmit. (23) 
Belt .speed in ft. per tninute X width of belt in inches 

560 “ 

H.P. a double belt will transmit. (24) 


Example 6. A shaft f-arryiug a 4S-in. i)iillpy runs at a spocil of ISO r.p.w. An 
S-iii. double belt runs over the pulley . ad drives another shaft. To find the power 
that the belt ean be expeeted to transipit Avifhouf excessive strain. 

Solution \. Vsing formula (22), ^ 

Belt speed in feed, - X ISO = 2262 ft. per minute. 

1 ^ 


Then 


22(12 X SO X S 
3:i,:)()o " 


- 43i H.P. (nearly). 


» 


Solution 2. 'Using formula (24) 

Belt speed as in solution 1 = 2262, 


2262 X S 
.">60 


.32 H P. 


It will be noticed tluit the two solutions given above give widely dif¬ 
ferent answers, that from the millwrights’ rule being lioarly 25 per cent 
less than the other. For the higher belt spt'eds this difference will not 
be as jpeat if proper allowance is made for centrifugal force. Any 
such solution for a belt must be considered approximate, and merely 
furnishes a means of (‘stimating the hoi’se power roughly. There is no 
doubt that the above belt, if in proper condition, would carry much 
more than even the 43 t H.P., but the h(‘avi(T the belt is loaded the 
more attention it will require and the shorter will be its life. 


Example 7. A shaft running 200 r.p.m. is driven by a single belt on a 24-in. 
pulley. 15 II.P. is required. To a suitable width of belt to use. 


Solution 1. Using formula (21), 

T 24 


Belt speed = X 200 = 1257 ft. per minute 


ITien, 


1257 X 43 X Avidth 
33,000 


15, 


15 X 33,000 ,, . , 

Width = "1 257 X 4.3 “ ® 
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Solution 2. 


Using formula (23), 


1257 X width . _ 

looo “ 

Width = = 12 in. nearly. 


Hero agtiin the raillwi-ights’ rule shows a wider belt necessary for a 
given horse power. 

Example.8. Two shafts A and B are to be connected by a 12-in. double belt 
carrying 72 IT.P. A is the driving shaft, making 2^0 r.p.m. li is to run ISO r.p.m, 
^’o find the size of the pulleys on A and B, using th6 millrights’ rule. 

First find the necessary belt speed using Eq. (24). 

Ih'lt speed X 12 
' 500 ' ~ 

Belt speed — = 33()0 ft. p(;r minute. 

Since B is to turn 180 r.p.m., if x ~ the dian||j,er of the pulley t>n B, tj^ien, 

n- x X ISO - 3300 

or . ar = = 5.94 ft. = 71.28 in. 

• ISO TT 


or, since pulleJ^s of that size would not be made in fractional inches, a 72-iii. pulley 
would be used. 

Ihijle.y oa_A _ 1^0 ^ 

Pulley on B 240 

whence Pulley on A = 72 X JJl! = 54 in. 

62. Approximate Formula for Calculating the Length of Belts. In 
finding the length of bc'lt required for a known pair of pulleys at 
a known distance apart , the most s.atisfg,ctory method, when possible, 
is to stretch a steel tape over the actual pulleys aftt'r they are in posi¬ 
tion, making a reasonable allowance (about 1 ” in every 10 ft.) for stretch 
of the belt. Often, however, it is necessary to firitl the belt length from 
the drawings before the [lulleys arc in place or whtm, for some other rea¬ 
son, it is not convenient actually to measure the length. Various formu¬ 
las have been devised by which the length may be calculatt^l when tin; 
pulley diameters and distance between centers of the shafts are known. 
These formulas, if exact, arc all more or kss complex and arc, of course, 
differenj^JH crossed and for 0[)en belts. If the distance b(>tween 
shaft&dj^^Tge, the following will give an approximate value for the 
lengtj^f*!^ tlie belt. Referring to Fig. 31 and letting L represent the 
lenrf^eff^the belt, 


r (D -f d) 
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D, d and C, must be expressed in like linear units; if in feet, the result¬ 
ing value of L will be in feet; if in inches, the value of L will be in 
inches. 

In the case of an open belt where the two pulleys are of the same 
diainet(;r the abov<; formula gives an exact answer. If the pulleys arc 
not of the same diameter, the length of belt obtained by Eq. (25) will 
b(i less than the corrcH^t length. If the shafts arc sev(iral feet apart 
and the difference in diameters of the pulleys is not great, the percent¬ 
age error is very small for an open belt. With a cros.sed l^elt, pulleys 
of iiKjdium size and the shafts several feet apart, the resiilt from the 
use of Eq. (25) is consideraVdy less than th(‘ real h'ngth. This equation 
is accurate enough to use for an estimate of the length of a belt. 

53. Exact Formulas for Length of Belt Connecting Parallel Axes. 
While the methods givcm in the preceding paragraph are sufficient for 
the conditions tln^re referred to, it i«: necessary in designing certain 
pulleys, known as stepped pulleys and cone pulleys, to make use of an 
equation expressing exactly, oiv^ery nearly so, the belt length in terms 
of the diameters and the distance bet wtuai ceJiLers of the pulleys. The 
crossed belt and the open belt must be considered separately. 



Fio. .30 


Crossed Belts. Let D and d (Fig. 30) be the diameters of the 
connected pulleys; C the distance between their axes; L the length of 
t h(- b(ilt. 


Then 


= 2 {mn + rw + op) 


« 

= (^ + -\-2C cos$ + ^2 

= (^ + e)(.D + d) + 2CcosO, 


sm 0 = - — - 


+ ho _D d 
ah ah 2 C 



where 
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Open Belts. Tsiris the siiine notation as for crossed belts, we 
have 3F 


where 

and 


L - 


2 {mn + no + op) 
^^+O^D + 2Ccos0 + 



sin 6 - 


J (/; 4 d) + (/> - il) 4 2Ccos0, 

A 

in — bo I) — d 
(' ~2C 


cos 6 



{D - d)2 
' 4 ( .’2 


(27) 



For an open l)cl1. 0 is generally small, so lhal d - sin -very nearly; 
then _ 

r rn A n L ~i onlx Ip — d)- 

L = ^{D -\-<{) V 2l:~ ^ 


I (I) + d) + 2r j +\/ i - 


,*no!iily. 


If the quantity under llie radical sign is <‘xpande<t, and all ((nnis hav¬ 
ing a higher pow('r of (' than the s(iuai'(‘ in the denominator an^ neglected, 
since C is always large', eorn|)are(l with (/) — d), 


9 

or L 4 d) 4 2C H- ’ very nearly. 


( 28 ) 


54. Pulleys. Sometimes it is necessary to have siuili a 

belt c^g^o^ion between two shafts that the speed of lh(! driven shaft, 
inayjf ringed readily while the speed of the driving shaft, ri'inains 
cons^ , ),nc method of accomplishing this is the use of a pair of 
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pulloys each of which has several diameters as shown in Fig. 32. Such 
pulleys are known as stepped pulleys. Suppose that the shaft S, Fig. 
32, is the driver, making N r.p.m. When the belt is in the position 
shown in full lines, the rvorking diameter of pulley A is Dy and the 
working diameter of pulley B is dy. 

Then if riy represents tluj r.p.m. of 
iSi, when tlwi belt is in this place, 

ny^lh 
N dy ■ 

r. 

If Ihe belt is shifted toTany otlun- 
position, as that shown by dotted 
lin<'s, l)x becomes the working diani- 
ct<‘r of the driving pull(\v and dj; of 
the driven pulley. If ropj'(;‘jents 
the speed of Sy foi- this belt position 

N dx ‘ 

Then*f«!ie, by pro])erly proportioning 
the (liiini(>t(TS of the dilT(‘r(‘nt pairs 
of steps, it is possible to get any 
desinai series of speeds for the driven 
shaft. 

In designing such a {)air of pulh'vs 
two things must be taken into a(‘- 
count. Fir.<it, the ratio of t he diam¬ 
eters of the successive pairs of steps 
must be such <18 to give the desired 
speed ratios. Second, the sum of the dianieteis of any pair of steps 
must be such as tn^naintain the proper tightness of the belt for all 
positions. This sec»)nd consith'ralion makes the problem of design 
(;onsi(l(‘rably more complicated. 

T,wo cases arise: Fimt, the design of the pulleys for a crossed belt 
and second, the design for an open belt. 

66. Stepped Pulleys for Crossed 3elt. Assuming that the value of 
l)y, .'V, vy, On and (7 are knowft for the drive shown in Fig. 32, and a.s- 
siiming that Ihe belt is crossed, instead of open as there . let it 

be r<‘quiied to liml a method for calculating /h and dx. 

First find dy, which is readily done from the equation 

ny ^ A 
N dy' 
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in which (h is iJic only unknown quantity. Knowing, then, Di and 
the value of Di + di is known. 

From Eq. (20) the length of the belt to go over the steps Di and di is 
^2 + dj) "h 2 C cos 01. 

When the belt is on the steps whose diameters are D* and dx the 
equation for the length of the belt is 

^ + 0x^ {Dx 4" d*) 4" 2 C cos dx. 

Since the same belt is to be used on both paim of steps the value of 
these two equations must be the same. 

Therefore, 

{Di 4* d]) 4“ 2 C cos 01 = ^■9 4" 9^ {Dx dx) 4" 2 C (•os0i. 

Vf • 

Since C is a constant and 0 is dcpenfkait upon C and /) 4- d it follows 
that the above equation will b(! satisfied if 

Dx 4’ dx = D] 4" di. (29) 

Therefore in designing a pair of stepped pulleys for a crossed belt the 
aura of the diameters of all pairs of steps must bo the same.* 

Then from the equation 

rix ^ Dj 

N dx 

and Eq. (29) 

Dx 4“ dx = D\ 4" di. 

Dx and d* may be foimtl by the moil)od of simultaneous e(]uations. 


Example 9. To find tho dianudt’rs of all the stops in the {lulleys shown in Fig. 
33 if a croifficd belt is to hi* used. • 


or 


First, find di from the equation ^ 

192 Ifi 



From jhetf‘^0 
-ii 


T 

i 


m 



C ' 



^’•-1 

■ 









X 


L 

- 




\l20 R.P.M.--=N 


120 ” dy 

, IG’xTiOj,... 

Di + di - If) 4-10 = 26 in. 
Di 4* da = D\ 4" di = 26 in. 

Di 160 


1 


i: 

— 1 
u 

i 



192 R.P.M.-^n, 
I6U P.P.M.^n] 
80 R.P.M-ns 
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or Di = i dj. 

Substituting this value of D 2 in the pnioeding equation, 

J (iz di = 20 


or 

H2 = 20, 

whence 

di — — ^ — = Ilf in. = 11.14 m. 

and 

Di = 26 - 11^ = 14? in. = 14.86 in. 

Again, 

2^3 -f' rfa ” 120 in* 

and 

Ih 80 

*• di 120 

or 

Di = 1 di, 


I dj + di ~ 26, 

or 

^ di = 26 in., 

whence 

di = 1 :,* In. = 15.6 in. 

and 

Di — 26 — log = log in. = 10.4 in. 


66 . Stepped Pulleys for Open Belt. Ilcferrinji; still to Fh:. 32, if the 
belt is open its length when on the steps Di ami di is, from equation (28), 

-1 (A + <'i) + 2 c + 

and when Pn steps Dx and (h 

= I (/■>. + rf.) + 2 c + ■ 


ICquating those two expressions gives 

I (W, + rf.) + = I (D. + rfx) + ■ 


4C 


(30) 


This may be solved simultaneously with ^ to get the values of 

A dx 

Dx and dx* ^ 

If the shafts arc several feet apart and the range of speeds for the 
driven shaft is not ex(;essive the diam< 5 ters calculated for an open belt 
diljer only very slightly from those for a crossed belt, and stepped 
pulleys designed for a crossed belt are often used for an open belt . If 
the shafts are close together and the speed range is large the crossed 
belt pulleys cannot be used fcr an open belt. 


* Equation (30) may be written in the form 

{Dx - dx)^- { Dx - dxY 

2vr' 

Dx 


Dx + rfx = Di + dx -p 


11*' 


\ 

I 


This may l)o solved approximately, in connection with ~= by sij. .^yViing for 


{Dx — dx)^ the value which it would have if the belt were crossed. 
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Example 10. To find the diamotors of all tho stops in the pulleys shown in Fig. 
34, if an op<*n bolt is to be usod. Shafts 24" on centers. 

First find di from the equation 

»i _ Pi 

:v ,h 

<^) ^ IS 
1.50 ~ di 

1.50 X IH 


or 


whence 


</i — 


900 


= 3 m. 


To find Da*and d^ substitute in i'(juafion (30) the ^allies of Pu di and C, 


whence 

and 


(lS-3)= TT 


(/>. - d,)* 




«•> 

N 


P 2 

d-i‘ 


Avhence or Pi — .‘J di. 

Ii)() (/2 


Substituting this value for P« and solving, 

di = .5.43 ill. Pi 
(IS ~ W 


lti.29 in. 


Similarly, 
and 

Substituting and solving. 


^(18 -. .3) I- 


lU 

i\ 


P-„ I 7.1 Pi , ,, 

j whenci' or di — 2 Ih, 

d^ lot) i(i 


do 

'in.' 




-r 

i 

I 

i 

qs* 


1j/s 


15-0 ftP.M.=N 


Pi - 7.3S in. and </) = 14.70 in. 

Tlio proportion chosen in tlie dutn for Exjirnplo 10 gives an extreint* 
case, anti it will bo noticed that oven liero the. arntiunt that D 2 + tAj 

varies front Di -f- di is only about ^ in. 
juid the varj.»tion of D?, + dj is a trifle 
less th.nn 1,%, in. These quantities 
iire large c-nough to affect the lightness 
of thf' belt and must, ihenffore, be 
takc'ii into tiecount. In ordinary cases, 
howt'ver, where tli» distance Ix'tweon 
ccnicr.s is much larger than in Examph^ 
10 and where the speed ratios are not 
so great the value of Dx + dx, as 
obtained from Eq. (30) by th(‘ method 
just illustrated, differs but vt‘ry little 
from Di -f di and this differentse can 
usually be neglected. 

57. Equal Stepped Pulleys. It is 
(iommon practice, when convenient. 



900 P.P.M.^-n, 
450 P.P.M.^a, 
75 R.P.M.=,h 


to desi 
have the' 


Jpair of stepped pulleys in such a way that both pulleys 
'e dimensions and can, therefore, be cast from the same 
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pattern. This condition imposes certain restrictions on the speed ratios 
as ni.ay be seen from the following: 

Referring to Fig. 35 if the pulleys are .alike, 

= di, /?2 = d\, D3 = di, 7^4 = diy 7)5 = di. 

As in previous discussions, 

N di 


and 

but 

t 

Therefore, 

In a similar manner, 
and 




«5 _ 7>5 

N tC 

/7r, _ dl ^ 

drj J)i 

n, _ ,Y ^ 
A /<ft 

, n>i _ A' 
N - 


( 31 ) 


.4 

4 

n 






4 








/i 

N-R.P.M, 


d, 


d. 


d4 


<4 


yS, 


n,,!33,n3,n4,ns-R.P,M. 

Fig. 3.5 



Fig. .36 


That is: When equal stepped ‘pulleys are used the, speeds of thf"(triven shaft 
7nust he, so chosen that the speed of the driving shaft is a mean ^toHional 
between the speeds of the driven shaft for belt positions s;vti*r ^ically 
either side of the middle step. i 


Example 11. A pair of 
belt to connect two shafts 


f equal three-stepped pulleys, Fip. .36, a^.'tj’ 
. The driving shaft makes 120 r.p.in., ^w^'.thc 


carry a 
the lowest 
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speed of the driven shaft is 00 r.-p.m. To find the other two speeds of the driven 
shaft. 

E* — ^ 

N ni 

Vi. 

120 “ 00 ‘ 

Therefore «i = 240, 

= iV = 120. 

If the step diameters are to be calculated, it will be done by the methods explained 
in § 55 or § .'jO according as the belt is crossed or open. 
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such a pair of pulleys a series of diameters Di, D 2 , D 3 , etc. (Fig. 38), 
may be calculated in the same way as steps and plotted at equal dis¬ 
tances (a) ai)art, then a smooth line drawn through their ends, as 
shown, 'rile length (a) doi^s not affect th(“ firoblem except as it makes 
the cone longer or shorter. The contours may be straight lines as in 
Fig. 38, giving cones, or curves as in Fig. 39, giving conoids. 

When cones are used, a shipper must guide each part of the belt just 
at the point where it runs on to the pulley (sec Fig. 37); otherwise 
the b(^lt will t(‘nd to climb toward the large -end of each pulley. 
Both shippers must be ^moved siiuultarK'ously when th(‘ licit is 
shifted. 




69. Belt Connections between Shafts which are not Parallel. 

Non-parallel shafts may be connected by a flat belt with satisfactory 
results, provided the pulleys are so located as to conform to a funda- 
mimtal iirinciplo w'hich governs the running of all belts, namely: The 
point where the jutch line of the belt leaves a pulley must lie in a plane 
ixissing through the center of the ynilhy toward which the belt runs. 
In other words, a plane through Hit' center of the leceiving pulley, per- 
p('ndicular to the pulley axis, must, if produced, include the delivering 
point, of the pulley from which the belt is running. This may be seen 
by a reference to Fig. 40. In this ease thi‘ shafts S and T are intended 
to turn in ^h(^ dir(M*ti?)ns indicated by the arrow's, ('onsidering Eleva¬ 
tion Af the pitch lino of the biit leaves the pulley M at the point a. If 
the pulhiy lY is in such a i)osition on the shaft T that, a plane through 
the tuiddle of its face contains the point n, the bi'lt will run propcily 
on t.o pulley N. XX is the trace of this plane and evidently cont.ains 
point a. vSimilarly, in Elevation B, the pitch line of the belt leaves the 
pulley N at h and ilf is so located on shaft S that a plane YY through 
the middle of its face contains hi. 

Fig. 41 shows the proper relative position of the pulleys if ti'^ lirec- 
t,ion ol turning of shaft S is the revei’se of that in Fig. 4t Jther 
changes in the directions of rotation of either pulley w'ould iv t«sitate 
coiTosponding changes in the relative positions. 
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Both Figs. 40 and 41 show the pulleys at 90° with each other. The 
belt would run eciually well if the pulleys were turned at any angle alxiut 
XX as an axis. 



Fio. 40 


60. Quarter-turn Belt. A Ixdt which connects two non-intci-seel- 
ing shafts at right angles with each other, similar to those in Figs. 40 
and 41, ^ called a quarter-turn belt. Emi)hasis should be laid on the 
fact thall^’sr any given setting of the pulleys, the shafts must always 
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turn in the dircetion in which they were designed to turn. If tluj 
direction of rotation is changed without resetting the pulleys, the belt 
will immediately leave the pulleys. For this reason simple (luarter- 



tiirn belts like those illustrated above are likely to give trouble if 
used in i)laces where there is possibility of the shafting tui” ing back¬ 
wards even a small fraction of a turn. If this should i^>pen to a 
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small Ix'lt, it could ho replaced on the pulleys; in the case of a 

lai’gie belt, however, the r(;placinf»: would be inoj’C difficult. 

61. Reversible Direction Belt Connection between Non-parallel 
Shafts — Guide Pulleys. If the connection between two non¬ 
parallel shafts is to be such that the shaftiu}*; may run in either direc¬ 
tion and still have the pulleys deliver the belt properly, in accordance 
with tlie fundamental law already explained, it is necessary to mak(‘ 
use of intermediate jndleys to f^uide the belt into I he proper plane. 
Such t)ulleys ar(i called guide pulleys. 

62. Examples of Belt Drives — Method ^of Laying Out. T'lu^ fol¬ 
lowing examples will illustrate a few of the types of belt drives which 



may occur and will give some 
idea of the nu'thod of pro¬ 
cedure in designing such drives. 
Some of these example's are 
chosen from existing drives; 
rdhei-s have been I'loditied in 
order to illustrate the princii)les 
more clearly. 

Example 12. Given two shafts A 
aiul Ji loeatwl as sliowii 'ii 12. 
Sh.aft -1, earrving ii .'j'J-ip. pulhw, is 
lo drive a (iO-in. policy on sn:ift fi\)y 
means of a clonlile IjcU. Two 

Kimle pulley, ItO ins. iliaineler in line 
will) '‘aoli other are to he located on 
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two tiiTizoiital sliafts so tliat tin* 


din*c(ion of rotation may be reversed 
without the belt rimning olT. When fiirnin}>: in the direction indieateil by the 
arrows, the tinht suit* of the belt is to run dhect from tlie driven to the drivdnp ])ulley 
in a vortical line, tin* loose side r('turnini>; around the guide ])ulleys. 'Pho guide ])ulley 
which receives the belt from the upper niain jmlley is to be on a shaft whose center 
is 9 ft. below the renter of .4; 1 he othiT guide jiulley is to be on a shaft whoso eeuter 
is 2 ft. 0 in. below the eenti'r of ,4. .Main pulley.s Iti-in. face, guide pulliys will he 
drawn the .same vviclth as the bolt although in practice they would be, wider. 

To draw two elevations and a plan. 

Solvtion. Referring to Fig. 4:1, first draw the renter line Vi'i which is tlie center 
line through tin* shaft //. At a distanre of 14 ft. above FF| draw A-Vi as the eentn- 
line of .shaft A. -\t any convenient pl.aer. near t^o left end of I'l', ehoo,se the fioint 

Bl as the center jioint of .shaft It for the h'ft elevation. With lij^ as a center tlraw 
a circle (iO-ins. diameter which will be the left elevation of the pulhy on Ii. Next, 
draw the vertical line 7’7'i tangent to this pulley on the aide which is moving up¬ 
ward. 7Ti is the pitch line of tin* tight i)art of the belt and must he, contained in 
the center plane of the pulley on A. With TTi and XXt sis center lines, draw the 
rectangle 1 jQ~ 3-4 of length equal to the diameter of the pulhjy on ,1 and width 
equal to tt^j^fidth of face of the same pulley. This rectangle is the si<ie view or 
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left elevation of the upper or driving pulley. Next, choose a point Ap near the right 
end of A’A'i and draw the end view or right elevation of this pulley. 'I'hc vertical 
line Tip Tp drawn tangent to the upward moving or driving side of tliia pulley will 
be the right elevation of the driving or tight part of the belt and must be contained 
in the center plane of the driven pulley, since the direction of rotation is to bo re¬ 
versible. Therefore, the lines Tip Tp and YVi are the center lines for the rectangle 
5-6-7-8 which is the right elevation of the driven pulley, TTi and Tp Tip are the 
two views of the line of intersection of the center planes of the pulleys. 

The position of the two main pulleys with respect to each other has now been 
determined and the two elevations drawn. Their plan must next be drawn. This 
may be placed above either elevation, and is here placed above the left elevation. 
Looking down on the pulleys, both will appear is rectangles. The center line 
AaAia may be drawn at any convenient distance above A'Ai and is the horizontal 
projection, or plan view, of the center line of the shaft A. The pulley on this center 
line can be projected directly up from the rectiuiglc l-2-3-4^and will, of course, have 
the same dimensions. The center line MN of the shaft li will be vertically above 
Bx, and the rectangle which forma the plan view of the pulley on B will be located 
on this center line with its middle line passing through the front end of the plan of 
the other pulley. In other words, the plan view of these two pulleys is obtained by 
projecting from the two elevations in acco^ance with the ordinarj^ principles of 
projections. 

To draw the guide pulleys, first locate them in the plan. Their center plane will 
contain the line VW and one will have its contour i)assing through point V in plan 

while the contour of the other will pas.s through 
W. To draw the elevations, first draw the center 
lines at the specified distances belo^ shaft A and 
then draw the ellipses which represent the pulleys 
by projecting from the plan. 

Example 13. Shaft .S' (Fig. 44) drives slraft 
T by means of an 8-iii. double belt. Both main 
pulleys 36 in. diaiueter located am showm. The 
usual direction of rotation to be as indicated by 
the arrows but the arrangement to be such that 
the directions may be reversed. Two 15-in. 
guide pulleys are to be placed on a vertical shaft 
to carry the belt betw^n the two main pulleys. 
All pulleys 9 ins. face. 

To draw the drive, making the elevations 
and a plan. 

SoltUvm. (See Fig. 45.) Draw the three views of the main shafts and pulleys, 
the plan and front elevation being the same as shown in Fig. 44, and the right eleva¬ 
tion being constructed from these in accordance with the usual principles of projeo- 
tion. The left elevation might have been mad^nstead of the right. 

The position of the guide pulley shaft can best be determined from the plan. 
The planes of the pulleys A and B intersect in a line which, in plan, is projected as 
the point P and in the two elevations as the lines XY and AiFi, respectively. Since 
the upper guide pulley is to deliver the belt to pulley B, it must be tangent to the 
line PM, and since, if the direction of rotation is reversed, C must be able to deliver 
the belt tor pulley A it must be.i^^nt to the line PN. The same reasoning will 
apply to tl^Tower guide pulley. center of the guide pulley shaft will, there- 
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I- 

it PM and PN an amount equal to the radius 
tore, be at a point nbi* '<• d B are of the same diameter and that 

of the guide pullosu, &n« ““ ^^ey C wiB appear in the devahons noth-to 
axes on the same level, the jsuide p > plane tan- 

center plane tangent this ’arrangement it is possible for either of 

.ront, to the bottoms of A ana o. 



A I- tlyn belt into the plane of cither guide pulley, and either 
the main pulleys to deliver the belt into iny»a 

guide pulley may tto wi^^ both guides on the same vertical 

It should lie noticed that a drive to,jrth J „ ,,, of the same 

r r rtt^mUon^-n the main p.eys 

ss. again. 

Example 13, cx««pt that the ^^“^^ 36 . 5^8 diameter. The direction of rota- 
pulley on T is 48-in. diameter and that on * ib-ms. a 

tion not to be capable of being ^versed. drawi 

SoMion. See Fig. 46. The three views of i„ the plan at 

as in Example 13. The center o t e ^i|*e*tengeat to the lin^sJ^V and PN 
such a point that the puUey 7418 shaft is detejineii in the 

as in Fig. 4.5. 'fhe position 8?*?® J^fts center plane will be tangent to the 
front elevation, it being at such a heightthat its center pian 
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top surface (that is, contain the point of delivery K) of the pulley A which dc'livers 
the belt to (\ Shnilarly, in the right elevation, the i)osition of the giiide pulh'y 1) 
is such that its e«'nter plane will be tangent to the lower surface (that is, will contain 
the rioint of delivery Ji) of the pulley H. 



Example 16. With tlie data the same as for lOxatiiftli! 11, suppose il is required 
so to arrange* the guide pulleys that! tui din'otion of rotat io|^niay be n>vers(>d. ('Phey 
cannot in this ease bo on the same vertical shaft.) 

SoliUion. See Fig. 47. .\fter having drawn the Ihrei* vic'ws of tlie main shafts 
and pulleys, the problem liecoines one of so jilacing the guidi* pulleys that thi-y will 
conduct the belt, in either direetiori. 'riaa-e are a givat many possible solutions of 
this problem, but that shown in t’ig. 47 is the simplest. 

In the front elevation the points n and h arc the eentiT fioints of tin* tqifier and 
lower contour elements of the pulley li. , Froiq^ and b draw lines or and bf tangisd, 
to puUey A. The eentiir planes of the guide pulley C must contain the line or and 
the center plane of tin* guide jmlley J) must contain the line hf. V will apjwir in 
this view, thcrefon-, as a re.ctangle with one end passing through a and l> will appear 
as a rectangle with one end passing through b. In the other views the edges of the 
guide pulleys will appear a.s ellipses, as shown. 

ExampU 16. The shaft S, Fig. 48, is to drive the shaft T hy mean.s of an 8-in. 
bolt runnillfdn pulleys A and B. One of the eolumn-s of the building makes il im¬ 
possible to cimtinue the shaft T far enough to place the pulley B in the propi'i- posi- 
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tion relative to A to permit the use of a direct quarter-turn drive. Furthermore the 
vertical distance between the two shafts is too small to make such a drive practicable 
even if th(' column did not interfere. It is, therefore, ncc(>ssary to employ guide 
pulleys to conduct the belt from B to A and from back to B. The relative direc¬ 



tions of rotation are to be as shown and the guide puUcys arc to Ije so located that the 
directions may be reversf^. 18-in. guide pulleys will be ti.spd. 

Solidmi. See Fig. 49. The positions of the guide pulh'ys are determined from 
the left elevation. FYom the center points ti and h of the upper and lower contour 
linens of pulley A, lines ae and bf arc drawn tangent to the pulley B. The center 
l)lanf of one guide pulley C must contain the line ne and the pulley will appear in 
this view .as a rectangle with onP end pas.sing through a. The center plane of the 
other guide pulley D must contain the line bf and the pulley will appear as a rectangle 
with one end passing through b. TlK? guidS pulleys will appear in the front elevation 
and in the plan with their edges ellipses, as .shown. The two guide pullej’s so nearly 
coincide in the plan that the lower one was omitted in the drawing. 

It will be noticed that in all the preceding examples the same surface of the belt 
comw in contact with the main pulleys at all times. This is an important condi¬ 
tion from a jiractical standpoint. Whenever practicable the same surface should 
run against the guide pulleys also. ^ 

Example 17. Given two shafts at right angles, located as show^n Fig. 50. 
Shaft A carries a 52-in. pulley which drives a 60-in. pulley on shaft B by means of 
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a double belt 12 ins. wide. The ordinary direction of rotation is as shown by the 
arrows. One guide pulley 30 ins. diatneter is to bo so located tliat the direction of 
rotation may be reversed without the 


belt running off. When turning in the 
direction shown, the tight* side of the 
belt is to run direct from driven to 
driving pulley in a vertical line, the 
loose side returning around the guide 
pulley. 

The main pulleys are 14 ins. wide. 
Two elevations and a plan are to be 
drawn. * 

Solution. It will be noticed that, 
ex<*cpt for the guide pulley, this problem 
is tlu! same as E.xample 12 and the 
method of drawing the three views of 
the main pulleys is exactly as describ(*d 
for that case. 

To draw the guide pulley j)rocced 
follows: (See Fife. 51). The distance ot * 


J 




Ci 

"SI- 




D 


Front Elevation Right Elevation 
Fig. 50 


this guide from either one of the main pullevh would be govc'rned somewhat bj'' con¬ 
venience in actually sotting up flio bearings to oujiport it, and partly' also by the 
relative sizes of the main pulleys. It is desirable so to local!' it as to give the. 1 ‘ast 
possible abruptness to the bend in the belt. lu this case there has been selected a 
point C in the line of intersection of the two main pulley planes which is 6 ft. 0 ins. 
below the axi»of the upper shaft. This point will l)o at Cl and Cp in the two eleva¬ 
tions. From Cl draw a line tangent to the lower pulley at Dl find project acros-s, 
getting the other view of this jMjint at Dp. In a similar way draw a line from Cp 
tangent to the upper pulley at Ep and project across to find Kl. Wo now have the 
two projections of two lines CD and CE drawn from a point in the intersection of 
the pulley planes tangent to tht' two pulleys, and the guide inilley must be set in 
.such a position that its center plane will contain the.se two lines. The problem then 
is to draw the projections of the guide pulley when so sot. Either elevation may 
be drawTi first; let us start w'itli the left elevation. Here ('lDl shows in its true 
length and the line CD itself may be considered as lying in the plane of the paper. 
Tlu; line CE has one end«Ci, in the plane of the paper while the lino itself really 
slants down below the paper. The true size of the angle which it makes with the 
plane of the paper i.s equal to the angle EpCpFp. DlCl is the trace, or line of in¬ 
tersection with the paper, of the plane containing CD and CE. 

Npw .swing this plane up into the paper to gc't the true angle between CD and 
CE. To do this produce DlCl to the left and through Kl draw a line peri)endicular 
to DlCl. From Cl with a radius equal to tht; true length of CE (that is, with radius 
CpEp) cut this perpendicular at E\ a»d join*JS'i to Cl. The angle E\ClDl is the Inie 
angle between the; lines EC and DC. Set the compas.ses ivith a radius ('(itial to the 
radius of the guide pulley and find by trial the center 0\ about which a circle of 
(his radiiLs may be draw’n tangent to ClE\ and ClDl. "^rhis point shows the* real 
position of t.he center of the middle circle of the guide pull(;y rclalive to thi' lines 
CE and CD. Tlu; next step is to revolve Oi back to find its ]iroj('c;ti»)n relative' to 
( lEl and (.lDl. To do this draw a line through Ei and Oi meeting at IIi] 

then join Hi to El. Through Oi draw a lino perpendicular to DlCl idifting HiEl 
at Ol and ClDl at Jl. Then Oils the projection of the center point of (he pulley. 
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To draw the projections of the edges of the pulh'y select any point iis in the line 
CrJOL, draw a line' through Oh parallel U) CiJ)/, ae.d from .Aa with a radius equal to 
the radius of the guide pull<*y cut this line at O 2 . Draw a line through .h and O 2 , 
also a line' rjll'a through Oi l)erpendieular to JtO,. On these two lines as center 
lines construct the rectangle m 2 U-irri 2 of length e(£ual to the; diameter of the guide 
pulh'y and width eipial to the width of face of the same. This reetangh* is the side 
view of the guide pulley when revolved up into 
the plane of the paper, the line I’aU’j being the 
center line of its shaft. The projection of the 
pi’ilev consists of two eijual i'llip.se.s with major 
axi's equal to the diameter of ^lie guidi' pulley 
and minor axes found by jirojeeting the points 
and s-ir-i on to t hc> line OlJl, as shown. If a 




definite length i.s chosen for the shaft, the 

proji'ctions of the ends of the shaft are foijnil at 
Vl and IT/.. The right elevation of the guide 
pulley and the axis of its .shaft are f-joiid by a 
method exactly similar to that just described. 

'I'he iiliin vi«'w of the guide [lullej'^found liy 
first finding tlie plan jirojections T'a and U'a of 
the two ('nds of the shaft by projecting up from 
the two elevations, then revolving this line I Ab'/i 
over until it comes into the pl.ine of the paper, 
as .shown at (hi this line is drawn the 

rectangle repre.sent ing the pulh'y, and the 

a.xes of the ellipses which constitute the idaii view 
of the pulley are found by projecting the rectan¬ 
gle on to l"/ill’ft, as shown. 

63. Crowning of Pulleys. If n Ix'lt 
is led upon a revolving conical itulley, it 
will tend I 0 lie flat upon the conical 
surface, and, on account of its lateral 
stiffnes.s, will assume the position shown 
in Fig. 52. If the b^t travels in (he direction of the arrow, t he point u 
will, on account of the pull on the belt, tend to atlhero (o Iht' cone atul 
will be carried to 6, a point nearer the liase of ihi' eone than that pre¬ 
viously occupied by thi' edge of the belt: tlie belt would then occupy the 
position shown l)y the dotted lines. Now if a pulh'y is made up of two 
('(lual cones placed base to base, tlu' belt will (('iid to climb both, tind 
would thus run with its conterdine on the ridgt' formed by the union of 
(he two cones. In practice pulley rims are made slightly crowning, 
except in cases where the belt must ocieupy diffi'rent parts of the same 
inilh'y.* In Fig. 52 two common forms of rim sections are shown at C 
and D; that shown at C is most commonly nu't with, as it is the easier 
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* Tlu* amount of crowning varies from about on a pulley ti" wi' 
on a pulley 30" wide. 


o about F 




50 


ELEMENTS OF MECHANISM 


to construct. When pulleys are located on shafts which are slightly 
out of parallel, the bolt will generally work toward the edges of the 
p^ll(^ys which are nearer together. The reason for this may be seen 
from Fig. 53. The pitch line of the belt leaves pulley A at point a. 
In order to contain this point the center plane of ])ulley B would have 
to coincide with XXi. That is, the belt is delivered from A into the 
plane XXi. Similarly, the belt is delivered from 6, on tJie under side 
of pulley /i, into the plane FiF. The result of this action is that 
the belt works toward the left and tends to leave the pulleys. 

64. Tight and Loose Pulleys arc used fot throwing machinery into 
and out of gear. They consist of two pulleys placed sidt; by side upon 
the driven shaft CD (Fig. 54); A, the tight pulley, is keyed to the 
shaft; while B, the loose pulley, turns loose upon the shaft and is kept 
in place by the hub of the tight pulley .and a collar. The driving shaft 
carries a pulley G, whose width is tlie same as that of A and B put 
together, or twice that of A. The^^elt, when in motion, can bo 
moved by moans of a shippir that guides its advancing side, eitlier 

on to the tight or the loose pulley. The 
pull(\y G (Fig. 54) has a fiat face, because 
the belt must occupy different positions 
upon it, while A and B have crowning 
faces, which will allow the shifting of the 
belt and will retain it in position when 
shifted upon them. 


Fig. 5Ji Fi<3. 64 




66. Ropes and Cords. Power is often transmitted by means 
of ropes running over pulleys, called sheaves, having grooved 
surfaces. For large amounts of power inside of buildings the 
ropes arci^Tnade of hemp or similar material. For long dist¬ 
ance drives and drives which are exposed to the weather wire 
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pulley to the first groove of the other pulley by means of one or more 
intcrmccliat(; pulleys wlu{!h also servo the puri) 0 .se of maintaining a 
uniform tension throughout the entire rope. The slack should be taken 
up on the loose side just olT the driving sheav('. Thert^ are two ways 




of accomplishing this. Firnt (see Fig. 50), the rope is conducted from 
an outside groove of the driver to lh(' tension shea\'t? and after passing 
around it is returned to the opposite outside gioove of the driven sheave. 
Second (see Fig. 57), where it is inconvenient to takij the slack directly 
from the driver the rope is passefJaround a loose' sheave on th(‘ driven 
shaft, thence over the tension sheave, and is returned 
to the first groovi' in the' driven sheave. Figs. 58, 59 
and GO show further examples. 

67. Grooves for Hemp Rope. The shape and 
proportions of the gnjoves used on many pulleys for 
hemp rope depend somi'what upon the; system usihI. 

Figs. 01 and 02 show two forms much used. Fig. (53 
illustrates the groove,' used on idle wheels. 

It will be noticed that the rope w(‘dges into the 
grooves on the driving and driven pullej^s, while on the 
loo.se or idle pulleys it rides on the bottom of the groove'. 

68. Small Cords are often used to connect non¬ 
parallel axes, and very ofti'n the directional relation 
of thest' axes must varj^ The most common example 

is found in spinning frames 
and mules, where the spin¬ 
dles are driven by cords 
from a long, cylindrical 
drum^whosp axis is at right 
angles to the axes of the 
spindles. In such cases, the common perpendicular to the two axes mast 
be containi'd in the planes of the connected pulleys; l)oth pulleys may 
be gT'ooved, or one may be cylindrical, as in the example given above. 
Fig. (51 shows two grooved pulleys, whose axes are at right angles to 
each ollu'i’, connected by a cord which can run in either direcfi5^>n, pro- 
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vidtxl the groove is deep enough. To determilu^ whether a groove has 
sufficient dcptli in any case, the following construction (Fig. 05) may be 
used. Let AB and AiBi be the projijctions of the approaching sid(j of 
the cord; pass a plane through AB paralU;! to the axis of the pulley; it 
will cut the hyperbola CBD from the cone FEG, which forms one side of 
the groove. The cord will lie upon the pulley from B to /, where* it will 
leave the hyperbola on a tangent. If the tangent at I falls well within 
the edge of the pulley at C, the groove is deep eaiough. It will usually 
be sufheient to draw a straight line, as ab (Fig, 64), and see that it falls 
well inside of the point corresponding to in Fig. 65. 



69. Drum or Barrel. When a cord docs not merely pass over a 
pulley, but is made fast to it at one end and wound upon it, the 
pulley usually becomes what is called a drum or barrel. A drum for 
a round rope is cylindrical and the rope is wouilU upon it in helical coils. 
Each layer of coils increa.s('.s the effective radius of the drum by an 
amount equal to the diameter of the rope. A drum for a flat rope 
has a breadth equal to that of the rope, which is wound upon it,self in 
single coils, each of which increases the effective radius by an amount 
equal to the thickness of the rope. 

70. Wire Ropes. Wire rope is well adapted for the transmission 
of large powers to great distances, as for instance in cable and in¬ 
clined railways. Its rigidness, great weight, and rapid d(*struction 
due to bending, however, unfit it for use in mill service, wh<*ro the 
average speed of rope is about 4000 ft. per minute. As the easi(*st 
way to||>reak wire is by bending it, ropes made of it, by any method 
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whatsoever, have proved unsatisfactory for drives of short centers and 
high spiiod unless the diameters of the sheaves are large enough to avoid 
bending the rope to strain it above the elastic, limit. 

Wirci ropes will not support without injuiy the lateral crushing duo 
to the V-shaped grooves; hence it is necessary to construct the pulleys 
with grooves so wide that the rope rests on the rounded bottom of the 
gioovt?, jis shown in Fig. 66, wliich shows a section of the rim of a winy 
ropti pulley. The friction is greatly increased, and the wear of the 
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rope diminished, by lining the bottom of the groove with some elastic 
material, as gutta-percha, wood or IcatlK'r made up in short sections 
and forced into the bottom of the groove. 

71. Chains are frequently used as connectors between parallel 
axes and also for conveying and hoisting machinery and for other 
similar purposes. The wlu'els over which chains run are called sprockets 
and have their surfaces shaped to conform to the type of chain used. 


Cliains may bo classified as follows: 


1° Hoisting chains 
2° Conveyor chains 


Detachable or Hook Joint 
Closed Joint 


Block 

3° Power transmission chains Roller 

Silent 

72. Hoisting Chains. The most common form of hoisting chain 
consists of solid oval links as shown in Fig. 67. The form of sjn’oeket 
used for such a chain is evident from the figure. 

73. Conveyor Chains may be of the detachable or hook joint type 
as shown in Fig. 68, or of the closed joint type illustratetffi Fig. 69. 
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Fig. 70 
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The design of the sprocket teetli is larg^y empirical, care being 
taken to lifive the teeth so shaped and spaced that the cliain will run 
on to arul off from the sprockets smoothly and without interference 
even aft(n- it has stretched or worn somewhat, ('hains of this general 
class are oft,on used for transmitting power at low speeds, as in agricul¬ 
tural machinery, nicy are usually mad(! of rnalleabh' cast links and 



do not have the smooth running qualities of the more carefully made 
chains. 

74. Power Transmission Chains. This class includes the three 
types known as block, roller |,nrl §ilent. 'riie chains arc made of 
steel, a(!curatcly machined, with wearing pai’ts hardened, and run on 
carefully designed sprockets. In the following discussion no attempt 
is made to give an exhaustive treatment of the subject, but merely 
to giv(^ some idea of the character of the three types and some of the 
jioints which need to bo considered in their design. 

76. Block Chains. Fig. 70 shows a block chain madl^by the 
Diamond Chain & Mfg. Co. 
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Chains of the block type less expensive to make than tiio rolhsr 
or silent chains and are used lor the transmission of power at com- 
parativti!**^ low speeds. They are also uschI to some extent as eonvjyor 
chains and for other purposes in |)lace of the malleable chains of class 2. 
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Fig. 71 shows a block chain in place on the driving sprocket. Atten¬ 
tion. is called to the way in which the links swing into position as they 
approach tlic sprocket and swing out as they leave. A method of 
laying out the sprocket teeth is indicated on the same figure. The 
proportions for the teeth here shoAvn are those recommended by Mr. 
B. D. Pinkney in “Macliinery," January, 1916. 

76. Roller Chains. Fig. 72 illustrates a form of roller chain similar 
to one made by the Diamond Co., and Fig. 73 shows the same chain 
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in place on the sprocket. The method of laying out the sprocket teeth 
in Fig. 73 is the one recommended by the Diamond Co., for roller chain 
sprockets. 

77. Calculations for Chain Length. This jiaragraph and the two 
following with'Figs. 74, 75 and 76 arc taken directly from “Power 
Chains and Siirockets’published by the Diamond Chain & Mfg. Co. 

D — Distance between centers. 

A = Distance between limit of contact. 

R = Pitch radius of large sprocket. 

r = Pitch radius of small sprocket. 

N — Number of teeth on large sprocket. 

n = Number of ferdh ’on small sprocket. 

P ~ Pitch of chain and sprocket. 

(180® -f- 2 a) = Angle of contact on large sprocket. 

(180® — 2 a) = Angle of contact on small sprocket. 

.R — r 
a = sin ~ jy 

A = D cos a. 
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Total length of chain. 


, 180 + 2a . 180-2a 

L ^ - NP ^-- /iP + 2 Z) COS O. 


360 


360 


(32) 


78. Calculations for Diameters of Sprockets for Block Chains. 

N = Number of bicth. 

b = Diameter of round part of chain block (usually 0.325). 
B = Center to center of holes in chain block (usually 0.4). 

A ^ Center to center of holes in side links (usually 0.6). 

180° * 


Tan B = 


sin a 

-r + COS a 

A 


A 

Pitch dianu'ter ;= ■ 

sin B 

Outside diarnetej’ — Pitch diameter + b. 
Bottom diameter = Pitch diameter — 6. 


(33) 

(34) 

(35) 


Tn calculating the diameter of sprocket wheels, the bottom iliameter 
is the most important. , 



79. Calculations for Diameters of Sprockets for Roller Chains. 
Referring to Fig. 76, 
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N = Number of teeth in sprocket. 

P = Pitch of chain. 

D = Diameter of roller. 

180 ° 

«= ir- 

p 

Pitch diameter = - (36) 

sin a 

Outside diam(!ter = Pitch + D. (37) 

Bottom diameter — Pitch — D. • (38) 

80. Silent Chains. NoTk^ of the above mentioned chains can be 
run at high speed without noise. There are now in use several makes 
of chains known as Silent Chains which run satisfactorily at high 
.speeds and which adapt themselves to the sprocket after the pitch 
of the cliain has increased due U'. wcai. Two examples will serve to 
illustrate this type of chain. 

81. Reno^fi Silent Chain, i^g. 77 shows a chain develoned by 
Hans Renold. It consists of links T of a peculiar form with straight 
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bearing »‘dges a, ft, which run over cut sprockcit-wheels with straight- 
si(hHi teeth whose angh's vary with the diameter of the whei'I. The 
chain may he made any convefiiont*width, the pins binding tlie whole 
together. One sprocket of each pair is supplied with flanges to retain 
the chain in place. The upper drawing shows a new chain in position 
on its sprocket, the bearing parts of the links being on the straight 
edges of the links only, not on the tops or roots of the teeth. The 
ehain thus adjusts itself to the sprocket at a diameter coniipponding 
with its pitch, and as any tooth comes into or out of gear there is neither 
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slipping nor noise. The lower figure shows the position taken by a 
worn chain of increased pitch on the same wheel. 

82. Morse Rocker-Joint Chain. This chain (Fig. 78) eliminates 
the sliding friction of the rivets as the chain bends around the sprocket. 
Instead of the ordinary pin bearing a rocking bearing is provided at 
each joint. The following description, with slight changes, is taken 
from the catalogue of the Morse C'hain Co. Two pins aj*e eni[)loyed 
at each joint; the left hand pin a is called the s('at pin and the right 
hand pin h the rocker. Each is securely held in its resp<‘ctive end of 
the link. The seat pin has a plane surface against wJiich the edge of 
the rocker pin rocks or rolls Avhen the chain goes on and off the sprockets. 
The joint is so d(«igned that the pressure diu‘ 1o haision of driving will 
be taken on a flat surface wlnui in l)(>twe('n the sprockets. 



Fi<i. 78 


Fig. 78 shows the chain on n driving sjuocket running in the tlirec- 
tion itidicated by tlui aiTows. Tlu; angh' of the iiootli to the line of 
the pull and nny centrifugal force that may exist both tend to keep 
the link out to its tru(' pilcli iliarneter during^the revolution of the 
wheel; it will fall below this i^oiiit^ only when the pull of the slack side 
of the chain is gi-eater than the foi(*es in the opi)osite direction. 

From this it will be seen that tlu're are two forces definitely opera¬ 
tive to keep th(* chain in its fnoper pitch contact with the wh('('l?i by 
causing it to assume a larger and larger circhi as the chain haigthcais in 
pitch; thus, the <lriving load continue* to bo distributed over a large 
number of teeth. 

The climbing, which compensates fortlu? increase of pitch, is gr.-ulual, 
easily notietd in the running drive, doc's not decrease the efticiencjy 
of the transmission, and, as the chain l{^ngtheIls and approaclu's the 
top of the teeth, gives fair warning of the necessity of replacement or 
repairs m the chain. 



CHAPTER IV 


TRANSMISSION OF MOTION BY BODIES IN PURE 

ROLLING CONTACT 

83. Pure Rolling Contact consists f)f such a relative motion of two 
lines or surfaces tlial. tlie consecutive points or elements of one come suc¬ 
cessively into contact witk^tliose of the other in their order. There is 
no slipping l)etw(‘en two surfact's which have pure rolling contact, that 
is, all points in contact have' tlu* sM.me linear speed. 

Two hodics may be rotating on their respective axes, so arranged 
that, by pure rolling contact, one may cause the other to turn with an 
angular speed bc'aring a (U'finite i.alio to the angular speed of tlu; driver. 
This speerl ratio may be constant oi‘ variable', depending upon the forms 
of the two bo(li(?s. The axes%a.y be parallel, intersecting, ce neither 
parallel nor intersecting. '' The i)resent chapter will consid(T the cases of 
pai-all(?l axes coniu'ctc'd by cylin<l(‘rs giving constant speed ratio, iiiter- 
:-i'cting axes connected by coin's giving (onstant. spcisd ratio and parallel 
axe's connected l)y bodies of in-egular outline, giving variable speed ratio. 

The connection Ixit wecn non-paralh'l, non-intersecting axes will be 
discussetl in connection wit h the subject of gi'aring. 

84. Cylinders Rolling Together without Slipping. External Con¬ 

tact. In Fig. 79 let A be a cylinder fast to the shaft. S ami B a cylinder 
fast to the shaft Assume that the shafts are held liy the frame so 
that their centia's are at a distance' apart just eepial to the sura of tlie radii 
of the tAvo cylinders; that is, A*-f-Then the surfaces will touch 
at P. Suppose also that the nature of the surfaces of the cylinders is 
such t.hat, as they turnon t.heir n'spective axes, there can be no slipping 
of one surface on the other. Then the surface speed of A must be equ;d 
to that of B, and A and B must turn in such diri'idions riJativo to each 
oth(‘r that the element on A which is in contact with B is moving in the 
saiih^ direction as the. eh'ment on B wdiich it touches. (Notice the 
arrows in the figure, the full arrow's bf'longing together and the dotted 
arrows together.) § , 

If A makes N r.p.m. and B makes Ah r.p.in., 

Surface spi'i'd of A —2 irBN 
and Surface speed of Z? = 2 irRiNi. 

* In tli(' rase of .axes which arc neither parallel nor intersecting the coinciding 
elements of the rolling bodies may slide on each other in the din'ction of their length, 
so that the contact is not pure rolling in a strict sense. ^ 
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2 ttHN = 2 ttRiNi or 


(39) 


Therefore, if the surface speed of A equals the surface speed of B, 

K 

N, R 

Or, in other words, tfie angular speeds of two cylinders which roll together 
without slipping are inversely proportional to the radii of the cylinders. 

It will be noticed that this principle is the same as that shown in the 

preceding chapter ap{)lied to 
cylinders connected by a belt 
or other flexible (ionnector. 

^6. Solution of Problems 
on Cylinders in External 
Contact. In Fig, 79 suppose 
C, N and .Vi are known; ro 
quired to find the diarnctc^rs 
of the two cylindi'rs. Fi'oni 
Eq. (39), ‘ . 

A1 ,, RiN 1 

Ri N N 

It is known also t hat R Ri 
= C. R and Ri can, therrifon*, 
be found by solvii^g these as 
sitnultaneous equations. 

The same result may also be found by a simple gi'aphical construction 
as follows; Draw the lino SSi, Hg. 80, making iis length equal to the 
distance between the centers of the shafts (coi responding to C, Fig. 79). 
This would, in most cases, Itave to 
be drawn at somti rc'duced scal(‘. 

From S draw a line NT, making 
any angle with SSi. From S lay off 
the distance's SK equal to N, litiear 
units and K7' equal to N linear units. 

The line ST is then divided into 
two parts SK and KT suedi that 

OIF fj 

—- — Now connect T with >Si and from K draw a line parallel to 

KT N 

TSi, cutting SSi at P. Then, from the similar triangles SKP anrl 
STSi, 



N~R.P.M 




Fig. 79 



Therefore, SP will be the radius R and PSi the 

Ki A 


PSi 
radius Ri. 

Example 18. Two shaftis A and B are 16 ins. on centera. A i.s to turn 50 time.s in 
a minute aMr-B 150 times in a minute. What must bo the aizo of the cylinders to 
connect them if they arc to turn in opposite directions? 
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CalculcUion. From Eq. (39), 


Radius of A _ l^ur ns of B p'T minute _ 150 
Radius of 7i Turns of A jicr minute ~ 50 


3 

1 


or, 

Radius of A — 3 X radius of /I. 
Also 

Rudiiisof A -f- rodiusof li —10 ins. 
Therefore, 

Radius of IS = 4 ins. 

and 

Radius of A — 3 X 4 


. % 

12 tns. 



150 R.P.M. 


(Imphiral Bohdiuv. In FiK- 81 
draw <h(‘ line A li equal (o 10 ins. 
a* some rediieed seale. 

Kn)m draw the line A 1' at 
any aiijsle. Lay olT AK eiiual lo 

1.50 units. Lay off KT = 50 of the same units. .loin T with B and draw KP parallel 

to TB. Then*/lP will be found to ^asure 4 ins. and AP 12 ins., makif'^ proper 

allovvanee for the scale at whieh A li was drawn. 

Example 19. .V cylinder IS in.s. diameter on a shaft A making 75 r.p.m. drives by 
rolling contact a cylinder on another shaft />, the .second cylinder t>eing4^ ins. diim- 
eti'r. How fast doe.s IS turn if tin* .shaft.s turn in ojuiosite directions? 

r.p.iri.of li _ Diain. of cylinder on A _ 18 _ 4 
r.p.m. of A Diam. of cylinder on li 4-1 1 

or r.p.m. of li = t X r.p.m. of A = 4 X 75 = 300. 

(Sruphiral Solution, (k'ig. 82.) Dnnv the line AB (xjual in length to the sum of 


(Calculation. 


the radii of the two evlinders = 


18 4) 


=11J ins. 


On .Mi locate th<> iminl P 9 ins. from A (therefore 2] ins. from B). From B, the 
(•(Miter of the cylinder whosi' speed is to b(‘ found, draw a line BV at any angle and 

lay olT on this line BK equal to 
7.5 units (that is, speed of .1). 
Join K with P and through A 
draw a line iiarallel to PK cutting 
BV at 7'. Then the units in KT 
will .show the speed of B. 



86. Cylinders Rolling To¬ 
gether without Slipping. 
Internal Contact. In Fig. 
83, wlierr the lettering corro- 
sponds to that of I'^g. 79, the 
cylinder A is hollow with B inside it, so that the contact is Ix'tween the 
inner snrfaci' of A and the outer surface of B. This i.s <*alled internal 
conlact. T1j(! siiine inatliomatieal reasoning will apply luTe jis in h'ig. 
79, and Kij. (39) will hold true. The distance between now, 
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however, is equal to R — Ri instead of R + R^. The two cylinders in 
Fig. S3 will turn in tlie same direction instead of in opposite directions. 

87. Solution of Problems on Cylinders in Internal Contact. In 
Fig. 83 if C, N and iVi are known, to find the diameters of the cylinders. 
From Eq. (39), 

Ri N' 

It is .also known that R — Ri = C. These may bo solved as simul¬ 
taneous equations to find R and Ri, and thenifore the diameters. 

Thft graphical solution of prol> 
lems on cyliudcas rolling in 
internal contact is similar in 
prin(;ipl(5 to that shown in I’ig. 80 
for ('xternal contact. Fig. 84 
shows th(5 construction for in- 
l|;Tnal contact. 


Fro. 81 

Example 20. 'I’wo shafts A and B 
aiT 8 ins. on ct'iitt'rs and arc to be 
connected by rollinR cylinders <.o turn in i,lie same direction, A to make 20 r.p.m. 
and B to iniiko 00 r.p.m. Find the (liaiiicbirs of the oyliii^Ra-s. 


Calculation. 

From E(| 


Had, .4 r.p in. B _ 60 _ .3 
iiiuf. B r.p.ih. A 20 1 

or 

Riid. .1 - 3 X rad, B, 

also 

Rad. A - rad. ii = 8 ins. 
3 rad. /.’ - 'rad. ^ = 8 in.s. 

or 

2 rad. B ~ S in.s. 

Rad. B - 4 ins. 

and 

ILul. A — 3 X rad. B - 3 X 4 ins. = 


Graphical Solution. Fig. So shoAvs th<» graphical solution for this problem. 

Exampl^^l. A cylinder 24 in. diameter on a shaft A making 60 r.p.m. drives 
by rolling contact a cylinder on another shaft B, the second cylinder being 6 in. 
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diameter. The shafts turn in the same direction, 
far ajiart are the shafts? 


(Uilculalion. 


R ev, li _ Diam. eyl. on A 
Rev. A Diam. cyl. on B 


IIow fast docs B turn and how 

24 ^ 4 
' 0 1 ■ 


R.p.m. of R = 4 X r.p.m. of /I = 4 X 60 = 240 r.p.m. 
anti Dist. between centers = rad. A — rad. B 

or Dist. between centers = 12 — 3 = 9 ins. 


ihaphical Solution. Fig. 86 shows the graphical solution of Example 21. 



88. Cones Rolling Together without Slipping. External Contact. 

In the preceding discussion relating to cylinders, the shafts wore neces¬ 
sarily paraflol. It is often necessary to connect two shafts wliich lie in 
the same plane but make some angle with each oiIkt. This is done by 
means of right cones as shown in Fig. 87 or frusta of cones as shown in 
Fig. 88, the cones having a common apex. The same reasoning applies 
to the ratio of speeds at the base of the cones as to the circhjs repre¬ 
senting the cylinders in Fig. 79. That is, 


But 

Ther(‘for(‘, 


. N Hi 

Ni R 

Hi = 0/^sin POCi and R = OP sin POC. 
Hi OP sin POCi sin PO(\ 

R OP sin POC sin POC 


(40) 


Subs^tituting this expression in Eq. (40), 

N ^sin POC, 

Ar> siift POC ' 

I'hen'fore, the angular speeds of two cones rolling together without 
slipping are invensely as the sines of the half angles of the cones. 

89. Solution of Problems on Cones in External Contact. The law 
stat(Kl in the previous paragraph may be made use of to calculate the 
vertical angles of the cones when the angle between the a?^ and the 
speed ratio ar<‘. known. 
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Then 


Referring to Fig. 88, let angle COCi = 6, 

POC — a and angle P()C\ = /?. 

N sin /3 sin /3 sin /3 

NI sin a sin {6 — /3) sin 6 cos (i ~~ cos d sin / 

sin 0 

__ cos 0 ___' tan 0 _ 

... - sin /3 Sin 0 — cos 0 tan jS 

'sm0 — COS0--- 


Whence 


In similar manner 


cos jS 
T^an iS 


sin# 


N 


+ cos 6 


Tan =1 = 5^ 

iv‘, 

0 ^ 


sin 9 


+ cos 9 



(42) 


Graphical Construction.. In Fig. 89, S and Si are two shafts which are 
to be connected by rolling cones to turn as indicated by the arrows. 
Their center lines meet at 0. S is to make AT r.p.m. and is to make 
Ni r.p.m. ^Required to find the line of contact of two cones which will 
connect the shafts, and to draw a pair of cones. 
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Draw a line parallel to OA, on the side toward which its direction 
arrow points, at a distance from OA equal to A'i units. Draw a similar 
line parallel to OB, N units distant from OB. Those two linos intersect 
at K. A line drawji through 0 and K will be the line of contact of the 
required cones. Select any point B on OK and from P draw lines per¬ 
pendicular to .40 and BO meeting AO and BO at A/ and Mi, respectively. 
Produce these lines, making MH = MP and MiJ ~ MiP. Draw IIO 
and JO. Then OPH and OPJ are cones of the proper relative sizes to 
connect S and Si to give the re(iuired speeds. 

If the point P had been chosen nearer to it, the cones w’ould have had 
smaller diameters at their bases but the ratio of the tliameters would 
liavc been the same, or, if J* had been chosen farther away from 0, the 
bases would have l)een larger but still of the .same ratio. If frusta of 
cones are desireil, the cones can be cut off anywhere, as shown by the 
dotted lines FE and FG. 

Example 22. 'J’w’o shafts S and I'ip. ^\n the samn piano, ni^nkc an angle of 
105° with each other. S is to turn 00 times per minute ami 80 times per minute. 
A cone on A he.ving a base 1 ins. diaim-ler is to roll ^\ith a eone on li to give the re¬ 
quired speeds; directions of rotation ar«' to be as shown. To find the diameter of 
the base of the com? on B and to draw thi* cones. 



to iSi 90 units distant from Si. Thi'sc lines intersect at K ; then KO is the element f)f 
contact. Since the, lja.se of the small 'r c-yne isAo bo J ins. diameter, find a jjoint B on 
OK which is } in. from .S. Through this point draw the bases of the txnes perpendic¬ 
ular to S and jSi in the same way as ex]>laJncd for Fig. 89. 

Calcidation of Anglr..'-- a and (3. 

Using Equation (42;, 


Tan ,8 == 


Sin 6 
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where 


0 = 105°, A^ = 30, N = 90, 

^ = 85° 25' nearly. 

2 = 170° 50' iK'avly = angle at apex of cone on Si, 

OL = 105° - 85° 25' = 19° 35'. 

2 « = 30° 10'= angle at apex of cone on S. 



Flo. 91 

«• 

^ 90. Cones Rolling Together without Slipping. Internal Contact. 

1 he combination of speed ratio, directional relation, anti angle between 
axes may be such as to require the cones to be aiTangod f8f internal 
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contact. This construction is not very often mot in practice, but the 
necessity for it soinetiiiies occure and it is well to be familiar with the 
problem. Fig. 91 shows the principle involved. ( Corresponding points 
are lettered the same as in Fig. 87, and the same equations apply for 
finding the ratio of speeds of the two shafts. 

It is not always imssible to predict from given conditions whether the 
contact will be external or internal. 

91. Solution of Problems on Cones Rolling in Internal Contact. 
The same general methods apply to solution of problems on cones in 
internal contact as in the case of external cputact. It should be noted, 
however, that since 0 = a — /3 the equation corresponding to Equation 

(42) becomes Si„, 

Tan - (43) 

vr — cos 0 

N 

Example 23. The axes of two shafts S and Si intersect at an aiiKlc! of 45°. S 
makes 15 r.p.rn. and (Si makt's tiO r.p.vi. 'Tli^hiifts .are to lie coniu'otetl by two cone's 
rolling together without slipping. The eoimeetion to be such tliat each tiirn.s as 
shown by the airows. To draw the outline of the cones and calculate the angles 



Graphical Solution. (Fig. 92.) Draw the center linas of the shafts, SO and S^O 
intersectii^ at 45° and put on the tlirotition arrows as shown. Draw line MR 
parallel to SiO and 15 units distant from it on the side toward which tin* direction 
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arrow points. In a similar way draw TK parallel to SO and 60 units distant from it. 
'file point C where MK ai»d TK intersect will be tlui point IhroiiKh which the elnnent 
of cont.a<^t CO is drawn. Having the elem»*nt of contact the <‘onca may be drawn as 
indicatcul in previous c.\amples and are found to be in internal contact. 


CidcAdaliom of Angles of Apic.es. 


Using Equation (43) 


Tan d 


Sin e 


N 


— cos 0 


Where 


e = 

Tan ft = 


Ni = 60, 

0.7071 


N = 15, 
= 0.2147. 


18 - 0.7071 

ft = 12° 7' nearly. 2 ft = 24° 14' = angle at apex of cone on Si. 
a — 4.') f 12° 7' = 57° 7' nt'arly. 2a = 114° 11' = angle at af)ex of cone on S. 

9 

92. Rolling Cylinder and Sphere.— Fig. 03 .shows an example of a 
rolling (;ylind(T tnul sphere as ulld in the Coradi planiiiKiter. 'I’iie seg¬ 
ment of the spJiere A turns on an axis ac passing iljrough a, the ceiitc*]' 



of tlu^ sphere. The cylinder B, whose axis is located in a plane also 
passing through the center of the sphere, is su])portPil hy a frame pivot('d 
at « and is held to the cylinder by a spring, not .shown. The frattu^ 
pivots c are movable about an axis at right angles to ac and passing 
through a, tin; cenliT of the spl|Brc., When the roller is in tlu' position 
B witii its axis at right angles to ac, the turning of the splKue produce's 
no motion of B; when, however, the roller is swung so that its axis 
makes an angle baci with its former position, as shown at Bi by dotted 
lines, th(i point of contact is transferred to ci in the pt'rpeiidiciular from 
a to the roller axis. If now we assume the radius of the roller = R, tlu' 
relative motion of roller and spherti, in contact at ci, is the sa«»o as that 
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of two circles of radii R and bci respectively. Transferring the point of 
contacd. to 1,h(; opposite* side of al> will result in (jhanging the directional 
relation of the motion. The action of this device; is purely rolling and 
but vt‘ry little force can be transmitted. It is used only in very delicat,(; 
incchanisins. 

93. Disk and Roller. — If in Fig. 98 the radius of the sphere ac is 
assumed to become infinite and the roller B to be replaced by a sph(;re 
of the same diameter turning on its axis, the result Avill be a dink and roller 
as shown in Fig. 94, wlu're .44 represents the disk ami B the roller, mad<; 
up of the central port ion of tin; splu're. c 

If we suppose th(‘ rotation of the disk to be uniform, the velocity 
ratio b(‘twe(‘n B and A will constantly decrease as the roll(;r B is shift(‘d 

noarc;r the axis of 4, and 
conv(;rsely. If the roller is 
carried to the other side of 
the axis, it will rotate in t he 
opposit e^ directibn to the first,. 

This combination is some¬ 
times used in f(;ed mechan¬ 
isms for machine tools, wh(;re 
it cmables the feed to lx; 
adjusted and also Reversed by 
simply adjusting the roller 
on the slaift CC. If possible 
the roller should drive. 


I 



94. Friction Gearing. Rolling cylinders and cones arc frequently 
used to tr:i,nsmit force, and constitute what is known os friction yearing. 
In such (;ases the axes are arraugcxl so iliat they can bo pressed together 
with considoral)le h)rce, and, in ovuer to prevent slipping, the surfaces 
of contact are made of slightly yielding materiajj^ such as wood, leather, 
rubber or i)aix;r, which, by tlieir yi(;lding, transform the line of contact 
into a surfa(*<' of contact and also comp(;nsate for any slight, irregulari¬ 
ties in the rolling surfaces. I nxpiently only one sinlace is made yi(4d- 
ing, the other Ix-ing usually math' of iron. As slipping is lik(4y to take 
place in these; combinations, the' velocity ratio cannot be d(*pendcfl upon 
as absolute. • % 

When rolling cylinders or cones are used to change sliding to rolling 
friction, that is, to reduce friction, their surfaces should bo made as hard 
and smooth as possible. 'This is the case in roller bearings and in the 
various forms of ball bearings where spheres are aiTanged to roll in 
suitably constructed races,, all bearing surfaces being made of hardened 
steel and'^ound. 
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PYiction gearing is utilized in several forms of speed-controlling 
devices, among which the following arc good examples: 

Fig. 95 shows the mechanism of the Evans friction cones, consisting 
of two equal cones A and B turning on parallel axes with an endless 
movable leather belt C in the form of a ring running between them, 


the axis of B being urged 
bjward A by means of 
springs or otherwise. By 
adjusting the belt along 
the cones, tlieir angular 
speed ratio may be varied 
at will. It should bo 
observed that there must 
be soHK' slipping since 
the angular speed ratio 
varies from ^g(; to edge 
of the belt, the resulting 



ratio approaching that of th<‘ mean line of the belt. A leather-faced 


roller might be substituted for the belt and asimila’’ series of speeds 



obtained, tlu' cones then turning in the 
same instead of in opposite din'ctions. 

Fig. 9() shows, in principle, another 
form, made by the Power and Speed 
(.’ontroller ('o. Heie two equal rollers, 
(’ and />, faced with a yielding material, 
ar(' ari anged to I'un between two equal 
hollow disks A and B. The rollers 
with their supporting yokes (only one 
of which is shown in the. elevation) are 
arranged as indicated in th(^ figure and 
are made by a geared ctumetdiou, not 
sliown, to turn opposite ('ach other on 
the vertical yoke axes, The contour 
of the hollow in the disks must thus be 


an arc of a (h-cle of radius equal that 
if the roller drawn from s as a center. 


If now the dislc B is made fast to the 


shaft, and A, running loose, is urged 
against B by a spring or otherwise, a 
uniform motion of A may be made to give varying speeds to B by 
turning the rollers as shown. To increase the power two setg^f disks 
are often used. 
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Fig. 97 shows tlu; Sellers feed disks used to give a varying angular 
sp(H)d ratio between two parallel shafts, one of them controlling the feed 
on a machine. 

The two outer wheels arc thickened on their peripheries and run 
between two convex disks BB wliich are constantly urged together by 

hidden coil springs bearing against the 
spherical washers ch'arly shown. The 
disks BB are supported by the pivotfid 
forked arm D. If now the disk A be 
given a i/niforrn angular .speed, tlu; 
disk C may be made to have a gi-eatc^r 
or less angular speed Jis the axis of the 
disks BB is made to approach or recede 
from A. 

In Fig. 98 a modi hod form of the 
Scilh^" disks is .shown. The .shaft. A 
is driven by the pulley P and is carrhid 
by a forked arm suppli(^d with two 
bearings CC and swinging about a 
point near the center of the pull(;y 
driving P by means of a belt. The 
externally rubbing disks B ar(‘ free to sli<le axially on the shaft A , but 
turn with it and ar(M.*onstantly urged apart by springs clearly shown. 
The internally rubbing convex disks are made fast to the driv(;n shaft 
by .-set screws. To vary the si)(X‘d of 1), that of A being constant, it 
is only necr\s.sary to vary tlu; distance* between the shafts. In the 
position shown D has its higliest 
speed, the disks rubbing at a. 

When the shaft A is urged in tlu* 
direction of the arrows the rub¬ 
bing radius on B is dimiiiislu;d 
and that on E increased, tlu; 
disks BB approaching (;a(;h oilier. 

The disks BB may b(; made* solid 
and one of tJie disks E be urg(*d 
toward the other by a spring on 
its hub, which w'ould simplify tlu* 
construction. 

96. Grooved Friction Gearing. 

— Another form of friction gearing is shown in Fig. 99. Here increased 
friction jn^obtained between tlu; rolling bodies by supplying their sur¬ 
faces of contact with a seri(;s of interlocking angular grooves; the 
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sharper the angle of the grooves, the greater the friction for a given 
pressure perpendicular to the axes; both wheels are usually made of 
cast iron. Hero the action is no longer that of rolling bodies; but 
considerable sliding takes place, which varies with the shape and depth 
of the groove. This form of gearing is very generally used in hoisting 
macliinory for mines and also for driving rotary pumps; in both 
cases a slight slipping would be an advantage, as shocks are quite 
fre(iu(ait in starting suddenly and their effect is less disastrous when 
slipping can occur. 

The speed ratio is not all^olute but is substantially the same as that 
of two cylinders in rolling contact on a line drawn midway between the 






MU 










h 


k* 


F«J. 99 



tops of the projections on each wheel, they being supposed to be in 
working contact. ^ # 

96. Rolling of Non-cylindrical Surfaces.— If the angular speed ratio 
of t wo rolling bodies is not a coiLstant, the outlines will not be circular. 
Whatever forms of curves the outlines take, the conditions of pure roll¬ 
ing contact should be fulfilled, namely, the point of contact, must be on 
the line of centers, and the rolling arcs must be of equal length. For 
example, in the rolling bodies #repil3sented by Fig. 100 with Oi and 
02 the axes of rotation, we must find the sum of the radiants in 
contact, Ojc -f a^c, equal to the sum of any otlujr pair, as Oid + (he, Oif 
+ (hg; and also the lengths of the rolling arcs mast Ixi equal, cd = ce, df 
= eg. This will cause the successive points on the curves to meet on 
the line of centers, and the rolling arcs, being of equal Icngtl^will roll 
without slipping. 
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There are four simple cases of curves which may bo arranged to fulfill 
those conditions; 

A pair of logarithmic; spirals of the same obliquity. 

A pair of equal ellipses. 

A i^air of equal hypc'rliolas. 

A pair of equal parabolas. 


We shall also find that any of the above (airvcis may be transformcHl 
in one way* or another and still fulfill the conditions of ])crf(;ct rolling 

corfvuc;! wliile allowing a wide 
range; of variation in the angu¬ 
lar speed ratio. 

97. The Rolling of two 
Logarithmic Spirals of Equal 
Obliquity. — Fig. 1 01 shows 
the developnicmt of a pair of 
such spirals, wlu^fe, if they roll 
on t.la; (ioiiimon tangent de, 
tli(‘ axes 0 \ and 02 will move 
along the lines /</ and lik 
jospeclivtfly. The* arcs uic, 
cbi, etc., being ecfual to 
dh, ('tc., and also c;qual to the; 
distances ac, c 6 , etc., on the common tangent, it will be clear that if the 
axes 0 ] and 02 arc; fixed, the spirals may turn, fulfilling the; conditions of 
perfect rolling contact; for the; arc* c 6 i = arc; d.>, and also the; radiant 
Oihi + radiant O 262 = o//> + Oi'b =oic -f 02 C; and similarly for suc;c:c;ssive 
arcs and radiants. 

\ 98. To construct two spirals, as in Fig. 101, with a given obliquity. — 

The equation for such a logarithmic 
spiral is 

r = 

where a is the value of r when 0 is zero; 

1 
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and b == 


-» (fi being the constant 



Fig. 102 


tan <i> 

angle between the; tang(;nt to tlu‘*(‘iir^e 
and the radiant to tJie point of 
tangency; and where e is the* base of the Naporian logarithms. 

In Fig. 102 lot oc — a, and oed = <^. Taking successive values of 
starting from oc, we may calculate the values of r and thus plot the 
curve. j[f, howewer, it is desired to pass a spiral through two pointe on 
radiants a given angle apart, it is to be noticed from the equation of the 
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curve that if the successive values of 0 are taken with a uniform increase, 
the lengths of the corresponding radiants will be in geometrical progres¬ 
sion. To draw a spiral through the points b and e, Fig. 102, bisect the 
angle hoe, and make of a mean proportional bet ween ob and oe; f will be 
a point on the spiral. Then by tlu* same m(‘thod bisect foe, and find 
oh; also bisect bof and find ok, and so on; a smooth curve through the 
points thus found will be the desired spiral. 

99. Continuous Motion. Since these curves are not closed, one pair 
cannot be used for continuous motion; but a pair of such curvjes may be 
well adapted to si'ctional wiieels reiiuiring a varying angular speed. 
For example, in Fig. 103, given the axes and 02 , the- angle coic through 


which A is to turn, and the limits of the angular speed ratio. 


Make 


OiC 

02.C 


equal to the minimum angular speerl ratio a 


. equal to the maximum 
02f{ 


angular speed ratio. Then Oic must equal aid. Now construct a spiral 
through the p<5ints c and c. The**!>piral for B is that part of the spiral 
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A constructed about Oi which would be includi'd bej,w(‘en radiants 0\h 
and eipial respectively to cac and Oof/ (= o<ifi), which may be found 
by continuing the siiiral about oi beyond c or e if necessary. Since these 
curves (Fig. 103) are parts of the same .spiral, and since by construction 
Oic + Ojc = oic + 020 , A could drive B, the jx)ints c and (/ ultimately rolling 
together at d on the lin<) of centertl. The conditioiLs of rolling contact are 
(ividontly fulfilled, as will be seen by referring to § 97. 

100. Logarithmic Spiral Driving Slide. — Fig. 104 shows a logarith¬ 
mic spiral sector A driving a slide B. Here the driven surface of the 
slide coincides with the tangent to the spiral, the line of centei’s being 
from 0 through c to infinity and perpendicular to the dii ection of motion 
of the slide. In this combination the linear speed of the slidc^^ill equal 
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the angular speed of A multiplied by the length of the radiant in contact 
oc. 

101. Wheels using Logarithmic Spirals arranged to allow Complete 
Rotations. — liy combining two sectors from the same or from dif¬ 
ferent spirals, unilobed wheels may be found which may be paired in 
such a way as to fulfill the laws of perfect rolling contact. Taking two 

equal sectors from the sanu? spiral, we should 
have a symmetrical unilobed wheel, as A (Fig. 
105), and this will run pei’fectly with a wheel B 
exactly like A, as shOwii. If A is the driver, lh(; 
minimum angular speed of B will occur when the 
points d and e are in contact,, and we shall have 

a.v. B Oid 
a.v. A 0 ^ 

The maximum ^gular spe<Ml of B will occur when 
the points/and (j are in contact. Such wheels arc 
readily formed, if the maximum and minimum 
angular speed ratios are known, by the method in 
§ 97, only it is to be noticed tJiat the minimum 
ratio must be the reciprocal of the maximum 
ratio, and that the angle which each sector 
subtends must be 180° Unilobc.d wheels need not be foirned frem 
equal sectors, in which case the sectors used will not hav(' tlu; same 
obliquity nor will the subtended angles be eciual, but the wheels must b<‘ 
so paircfl that sectors of the same obliciuity shah b(‘ 
in contact. Fig. 106 shows a pair of such wheeis 
in which maximum and minimum angular speed 
ratios occur at unequal intervals; it will, however, 
be noticed that the minimum nnguiar spoe(4. ratio 
must here also be the i-{icii)rocal of the maximmn 
ratio. 

By a similar nu^thod wheels may bo formed whicli 
shall give mort‘ than one position of maximum and of 
minimum angular speed ratio, that is, there may be 
either symmetrical or unsyrametvi^al IXlobed wheels, 
trilobed wheels, the.. Fig. 107 shows a pair of sym¬ 
metrical bilohed wheels. Here nil the sectors are from 
the same spiral, all the same lengtJi, each subtending 
an angles of 90°. It will bo s(icn that the conditions of rolling contact, 
are perfectly fulfilled and that if A turns uniformly B will have two 
positions’^)f maximum and two of minimum speed. Similarly a 
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pair of symmetrical trilobod wheels could be formed where each of the 
scHitors suljtends an angle of 60®. 

Following the method used in obtaining the unsymmetrical unilobed 
wheels of Fig. 106. a pair of unsymmetrical bilobed wheels could be 

arranged, provided only that 
sectors of the same obliciuity 
come into contact and that 
such sectors subtend equal 
angh^s. Fig. 108 show's a pair 
of trilobed w’^heels of this form. 

Such wheels as those just 
described cannot be inter- 
chang(5able, but since any tw’o 
spiral arcs having the saiiic 
obliquity will foli con*ectly, a 
unilobe m^ be mad(* to roll 
coiTe(;tly wmh a bilobe w'hem 
the s<‘ctors of the unilobe are 
fi'om a given spii-al and each sublending 180°, and where each of 
the sectors of the bilobe is of the same length as one of those of the 
unilobe, and from a sjiiral of the same obliquity, but where each 
subt»*nds an angle of 90°. In a similar manner a Irilobed wheel may bo 
found which could be driven by the same unilobed wIuh'I as above, hence 
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also by the bilobed wheel found from that unilobo. These wIhh'Is wo\ild 
therefore be int(‘rchangeable. Fig. 109 shows a set of such wheels which 
would be symmetrical wheels. A set of unsymmetrical wheels could 
be found in a similar manner. 

102. The Rolling of Equal Ellipses. — If two equal (ellipses, each 
turning about one of its foci, are placed in contact in such a wS^ that the 
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distance l^etween the axes O 1 O 2 , Fig. 110, is equal to the major axis of 
the 1 ‘llipsos, wc shall find that they will be in conlac.t on the line of cental’s 
and that the rolling arcs are of equal length. If the point c is on th(‘ line 
of centei-s OiOj, wc should have Oic + CO 2 = Oi<h = 0 \C + ai, and therefore 
fd = CO 2 . Since the tangcuit to tin ellipse at. any point, tis c, makes equal 
angles with the radii from the two foci, Oicm = den ;ind ecni = otcn ; but 

sinc(' cd ~ co«, the point c is simi¬ 
larly situated in the two (‘llipscs, tiud 
therefore tin* anghi Oicm would eipitil 
the aiiili' o->cn, which would give a 
eoninion langi'iit to the two curves 
Jit c. Ilenct' if 01 O 2 is equal to the 
major tixis, the ellipses (*ouId be in 
rolling contiict on the line 0 i 02 . 
Since the distances cd and CO 2 , from 
tiu; foc!i d and 02 respoctivt'ly, tire 
e^uil, it also follows^ that the arc 
cf is equal to the tire cy which com- 
pU‘tt's the requirements for perfect 
rolling contact. It will also be noticed thtit the line dee will be straight 
tind that ti link could connect, d tind c, as will bo seen when discussing 
linkwork. 

If A (Fig. 110) is the driver, the angular speed ratio will vary from a 



minimum when h and k tiro in contact, and tlien equal to 

. 1 * 

mum when/ tind g are in contact, when it will equal j-’- 


Oih 

> toainaxi- 
• 'rhe angular 


speed ratio will unity when the major axes arc parallel, the point of 
contaid being then midway between Oi and (h • 

Such rolling (dlipscs supplied with teeth, thiw forming elliptic gears, 
are sometimes used to secure a quick-return motion in a slotting 
machine. 

103. Multilobed Wheels Formed from Rolling Ellipses. — Non- 
interchangeable wheels may ho formed from a pair of (dlipscs by Con¬ 
tracting the angles the same amount in each ellipse. Thus, if the angles 
were contracted to one-half their size, q|pair of hilolied wheels coukl be 
formed; and if to one-third tlu'ir size, a pair of trilobed wheels. Such 
wheels would give perfect rolling (*ontact, but could only be usi^d in pairs 
as stated. 

By a different method of contraction a pair of wh(Kds may be formed, 
one of which may be, for example, a bilobo and thi^ other a trilobe. By 
this methid only parts of the original ellipses are used; parts which 
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would roll correctly, hut which subtend unequal angles in some desired 
ratio. If the arcs sul)lend angles in proportion as 2 is to 3, the angles 
may b(5 contracted or (^xpaiuhnl to be 00° and 90°, which are in the same 
ratio, when we shall have arcs suitable for a trilobe and a bilolxi lespec- 
tively, which will roll (loiroctly. For exaini)l<?, assunn? the foci oi and d 
(Fig. Ill); lay off angles foid and fde as 2 to 3. Then the t)oint / will 
lie on an (‘llipse from which a bilobc and 
a Irilobe may be formed by contracting 
th(i -ingle fo\d. to 00° and the angle (jo^ 

= fde to 90°, as shown in thtii figure. 

104. The Rolling of Equal Parabolas. 

— ''l''wo parabolas may be considered as 
t.wo ellipses with one focus of each le- 
mov(‘d to infinity. In th<' ellipses of l''')g. 

110 suppose the foci Oi anti e. te be so 
removed; we shall have the’parj^olas of 
Fig. 112 in cdhtact at the point c and in 
perfect rolling contact, one turning about 
its focus 02 as an axis, and the other 
having a motion of translation per]ien- 
dicular to Oid. 

To prove* the rolling action perfect, 
assume the parabolas w'ith tlu'ir vert,exes 
in contact at w. Let / be the point on 
the turning parabola which will move to c, 
so that 02 / = o-iC. Draw' fy joarallel to ojc, and sinci* the parabolas are 
equal we shall have /</ — 02 /, therefore Ig - 02 C] but since (hk is the 
directrix of the parabola whose focus is now-' at I, Jg = gk; therefore 
gk = o-iC, find as this parabola slides perpendicular to oid, the point g 
would jilso move to c. The rolling fires nif and uig fire equal. Thus 
the parfibola turning fibout 02 w'ould cause the other parabola to have 
translation perpendicular to Oid, the two moving in jierfect rolling 
contact. 

10*6. The Rolling of Equal Hyperbolas. — If t wo ecpuil hyperbolas 
are placi^d, as in Fig. 113, so that tho distances bet,wi‘eii their foci Oi and 
02 , .ano d find e, are each equal totfg =* hk, tlie distfince between the ver- 
t(?xes of the hypiTDolas, we shall find them in contact at some point c. 
If the foci Oi and 02 are then taken as sixes of rotsition, the hyperbolas will 
turn in perfect rolling contact. To iirove this take tho point I on tlie 
hyperbola whose foci are at oi and d so that of = dc sind Oic = dl. Then 
since a tangent at siny point on a hyperbola mfikos equal angles wut.h 
the radii from the two foci, the tangent at I will bisect the IRigle odd 
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and the tangent at c will bisect the equal angle 0 \cd. If now the branch 
oM is placed tangent to the branch dkc with the points I and c in cotj- 
tact, the radius loi must fall on Ojc and dl on dc. Since the difference 




between the radii from the two foci to any point on a hyperbola is a 
constant and equal to the distaiujo between the vortt^xes, ojo — dc - hk; 
but Oil ma taken equal to dc, hence Oic - oj, = hk. Then, since 01O2 was 
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originally assumed equal to hk, we shall have Oic — Oi? = O 1 O 2 , and there¬ 
fore the line oiOjc will be a strjiight line, and the point of contact c will 
li(^ on the line of centers. The arc Ih wliich is equal to ck will also be 
equal to cf. Therefore the hyperbolas will be in perfect rolling contact. 
The same reasoning wiU apply for any position of the point of contact. 
It will be seen in a later chapter that since O 1 O 2 = de = a constant, and 
Old = OaC = a constant, the linkage 0 i 02 ed with the axes Oi and 02 fixed 
would cause the same angular speed ratio about Oi and 02 as the rolling 
hyperbolas would give. 

If the hyperbola turning q^XTut the axis 02 is the driver, the angular 
speed ratio will be a minimum when the V(jrtcxcs / and k are in contact 

and will be tliis ratio will increase as the point of contact approaches 

inlinity, when the ratio would be unity, and would correspond to the posi¬ 
tion of the linkage? wh(?n O 1 O 2 and de ere parallel. Further rotation would 
bring the opposite branches of the hyperbolas into contact, the maxi¬ 
mum angular Speed ratio occurrin^as the points g and h come tog* ther. 


when its value becomes 


oji 


The construction shown in the figure will 


allow only a limited motion. 



CHAPTER V 

GEARS AND GEAR TEETH 


106. Gear Drives. It was shown in Chapter ’IV that one shaft 
could cause another to turn by means of two bodies in pure rolling 
contact. * If the speed ratio must l>e exa^^t or if much power is to be 
transmitted, a drive depending; solely upon fiiction between the sur¬ 
faces of the rolling bodies is not sufficiently positive. For this reason 
toothed wheels, called gears, are used in place of the rolling bodies. 
As the geara turn the teeth of one gear slide on the teeth of the other 
but arc so designed that the angular speeds of the gears are the same 
as those of the rolling bodies whicli they replace. 

107. Gearing Classified. In § attention was caKed to the fact 
that rolling bodies may be used to connect axes which are parallel, 
intersecting, or neither parallel nor intei-scctiug. The same cases 
arise in the use of gears, and special names are given to the gears 
according to the case for which they are designed. 

Gears may be classified on the above basis as follows: . 


Connecting 

Parallel 

Axes 


External Goars ~ Fig. 114. 

Internal Goars — Fig. 11.5 
(Here the largo gear is called an annular 
and the small one a pinion) 

Spur Gears | Twisted Spur Gear — Fig. 110. 

Herring Bom; Spur Gear — Fig. 117. 

Rack and Pinion — Fig, 118. 

(The rack is a gear of infinite radiu?^) 

Pin Gearing — Fig. 119. 

Plain Bevel (including Mitre (Jliars, which 
are equal bevel gears on shafts at 00°) — 

Bevel Gears 1 Fig. 120. 

Crown Gears — Fig. 121. 

Twisted Bevel Gears — Fig. 122. 

Connecting Axe.s in tliffer- 


Connecting 
Intersect¬ 
ing Axes 


Hyperboloidal or Skew Gears- Fig. 123. 


ent planes. 


Panrii.o- Worm and Wheel — Fig. 124. Connecting Axes in 
Screw Gearing different planes. 


The name pinion is often applied to the smaller of a pair of gears. 
The various kinds of gears enumerated above will be discussed in 
more detail after the principles which apply to gearing in general 
have Imn considered. 
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108. Speed Ratio of a Pair of Gears. It h;is been shown in the 
preceding chapter that if two cylinders as A and Ji, Fig. 126, are keyed 
to the shafts S and /Si respectively, the angular speed of S is to the 
angular speed of Si as Di is to D, provided there is sufficient friction 
between the circumferences of the discs to prevent one slipping on the 
other. If the speed ratio must be exact, or if much power is to be 
transmitted, a drive like this, depending solely upon friction, is not 

positi ve enough. To make 
sure that there shall be 
no .siiPiling, wheels having 
tei‘th around their circum¬ 
ferences arc substituted 
for the plain discs. The 
outlines of these teeth 
must be such that the 
siK^ed ratio is constant. 
Su(di a pail* of wheels is 
shown in Fig. 127. Here 
the larger gear has 10 teeth 
and the smaller gear 12 
teeth. Assume that the 
slnift S is b<:'ing turned 
from some cxha nal source 
of power; the gear .4, 
since it is keyed to S, will 
turn with it. Then the 
teeth on A will push the 
teeth on B, a tooth on A 
coming in contact with a 
t^th on B and pushing 
that tooth along until the 
geai*s have turned so far around that those two teeth swing out of reach 
of each other. In order for B to make a coqaplotc revolution each one 
of its 12 teeth must be pusht^d along thus past the center line. There¬ 
fore. while B turns once 12 of the teeth on A must pass the cimtei- line 
Since A has 16 teeth in all, A will th^efore make H of a turn while B 
makes one turn. In other words, the turns of A in a given time are to 
the turns of B in the same time as the number of teeth on B are to the 
number of teeth on A. 

It is evident that the di.stance from the center of one tooth to the 
center of the next tooth on both gears must be alike in order that 
the teetff on one may mesh into the spaces on the other. 
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Fig. 127 
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109. Pitch Circles and Pitch Point. Let a point P (Fig. 127) be 

found on the center line such that = irand through 

Pbi leethon/i ® 

this point draw circles about S and Si as ccntei’s. Call their diameters 
D and Di. Then D = 2 PS and Di = 2 PSi. Since, as shown above, 

Revoluti ons of_B _ Teeth on A 
Revolutiorus of A Teeth on B 

therefore, 

' Revolutions of R _ D 

Revolutioiis of A Di *’ 

That is, the two gears when turning will have the same speed ratio 
as would two rolling cylinders of diameters D and Di. The point P 
which divides the line of centers of a pair of gears into two parts pro¬ 
portional to the number of tiHith in the gears is called the pitch point. 
The circle D, drawn through P with (lenter at S, is the pitch circle of 
the gear A and the circle Di is the ^tch circle of the gear R. 

110. Addendum and Root Circles. The circle passing through 
the outer ends of the teeth of a gear is called the addendum circle 
and the circle passing through the bottom of the spaces is called tiie 
root circle. 

111. Addendum Distance and Root Distance. Length of Tooth. 

The radius of the addendum circle minus the radius of the pitch 
circle is the addendum distance, or, more commonly, the addendum. 
The radius of the pitch circle minus the radius of the root circle is the 
root distance or root or dedendum. The root plus the addendum is 
the length of tooth. 

112. Face and Flank of Tooth. Acting Flank. That portion of 
the tooth curve which is outside the pitch circle is called'the face of the 
tooth or tooth face. This must not be confu^l with the term “ face 
of gear” (§ 113). The part of the tooth curve inside the pitch (drcle 
is called the flank of the tooth. 

That part of the flank which comes in contact with the face of the 
tooth of the other gear is called the acting flank. 

113. Face of Gear. The length of the gear tooth measured along 
an element of the pitch surfaci^ ia caUpd the length of the face of the 
gear or width of face of the gear. (See top view, Fig. 127.) 

114. Clearance. The distance measured on the line of centers, 
between the addendum circle of one gear and the root circle of the 
other, when they are in mesh, is the clearance. 

This is evidently equal to the root of one gear minus the addendum 
of the nJUcing gear. 
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»116, Backlash. When the width of a tooth, measureil on the pitch 
circle, is less than the witlth of the space of the gear with which it is 
in mesh, the difference between the width of space and width of tooth 
is called the backlash. This is shown in Fig. 128 where S minus T is 
the backlash, S and T being understood to be 
measured on the arcs of the pitch circk's. Accu¬ 
rately made gears rarely have any apprecial>lc 
amount of backlash, but cast gears or roughly 
made gears require backlash. 

116. Circular Pitch, distance from the 

center of one tooth to the center of the next 
toolh, measured on the pitch circle, is called 
■the circular pitch. This is, of course, ocpial to 
the distance from any point on a toolh to the 
cornisponding point on the new- lootii jueas- 
sured along the pitch circle. (Set’- Fig. 127.) The circular ■pitch in 
equal to the uffdth of tooth plus tm width of the space hetwren teell, J7i€as- 
ured on the pitch cii'cle. The whole cinaimfereiK'e of the pitch circle 
is equal to the circular pitch multi])lied by the number of teeth, or 
the circular pitch is ccpial to the circumfenmee of the pitch circle 
divided by the number of teeth. In Fig. 127 let T represent tlu* 
number of .teeth in the gear A and let represent the circular pitch. 
Them, 




(44) 


Two gears which mesh together must have the same circular 
pitch. 

117. Diametral Pitch and Pitch Number. Module. The term, 
diametral pitch is used by diff(ircnt authorities to mean two different 
quant iti(!S. Most gear^akers’ catalogues and many books on gearing 
define diametral i)itch as the number of teeth p(>r inch of diaimder of 
[litch circle. For example, if a gear has 24 teeth and the diameter r)f 
its pitch circle is 8 in., these authorities would say that the diametral 
pitch of the gear is 24 divhled by 8 or is 3. Such a gear is described 
as a .'1-pitch gear. This is also ||alled the pitch number. 

Other authorities define diametral pitch as the length of pitch 
diamet(*r which the gear has per tooth, or the I’atio of the diameter 
to the number of teeth. That is, referring again to the 2t tooth gear 
having a pitch diameter of 8 in., according to this latter definition the 
diametral pitch would be 8 in. divided by 24 or J of an inch. Another 
name for this quantity is module. m 
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Throughout this book the terms diametral pitch and pitch number 
will bo used interchangeably, meaning the number of teeth per inch 
of pitch diameter, and the name module will be used for the amount 
of diameter per tooth. 

If M represents the module and P.N. the pitch number or diametral 
pitch, T the number of teeth and D the pitch diameter, the above 
may be expressed in the form of eejuations as follows: 


Therefore, 


M 

1\N. 


Pitch diameter 
Teeth 
Teeth * 


Wtcli diameter 




(45) 

(46) 


118. Relation between Circular Pitch and Module. 

t’rorn Etp (45) M = 

and from K«i. (J4j C ^ 

(47) 

(48) 


Dividing Kq. 

(44) by E(i. (45), 




ttD _ J) 


M 

T " T 

or 

C = 

M X TT, 

or 

C = 

TT 

P.N.‘ 


Or, in words, the circular pitch is (‘(pinl to the module multiplied by tt. 

119. Angle and Arc of Action. The angle through which the driv¬ 
ing gear turns while a given tootli on the drmng gear is pushing the 
corresponding tooth on the (lrlv('n gear is called the angle of action 
cf the driver. Similarly, tia^ angle through which the drivrni gear 
turns while a given one of its t(^eth is being ])ush(;d along is calhid the 
angle of action of the driven gear. The angle of approach, in (*ach 
case, is the angle through which the gear turns from the time a pair 
of teeth come into contact until tlv^y arc in contact at the pitch point. 
It will be shown later that the pitch point is one of the points of con¬ 
tact of a pair of teeth during the action. The angle of recess is the 
angle turned through from the time of pitch point conta(;t until con¬ 
tact ceases. 

The angle of action is therefore equal to the angle of approach, 
plus thc%igle of recess. 
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In Fig. 129 a tooth M on the driving gear is shown (in full lines) jiwt 
beginning to push a tooth N on the driven gear. The dotted lines 
show tlu' ix)sition of the same pair of teeth when N is just swinging out 
of r(‘ach of M, While M has been pushing N, any radial line on the 
gear B, as, for example, the line drawn through the center of the tooth 
M, has swung through the angle K, and any line on gear A has swung 
through the angle V. K is, there¬ 
fore, the angle of action of the gear 
/i, and V is the angle of action of 
the gear A . •- 

It .should be noted that the 
angles of approach and recess are 
7>ot shown in Fig. 129. 

The arc of action is the arc of the 

The arcs of approach 



to the angles of approach and recess 
the angle of action. Since the arcs of 


pitch circle which subtends its angle of action 
and recess bear the same relati 
as the arc of* action bears to 
action on both gears must be ecjual, the angles of action must be 
inversely as the radii. 

"^Therefore the following equation holds true: 

A ngle of action of driver _ umb er of teeth on driven gear 
Angle of action of driven gear Number of teeth on driver 


(49) 


The arc of action must never be less than the circular pitch, for, if it 
were, one pair of teeth would c(;ase contact before the next pair came 
into contact. 

120. The Path of Contact. Referring slill to Fig. 129, the teeth 
as shown in full lines are touching each other at one point a. This 
point is really Yhc projection on the plane of the paper of a line of con¬ 
tact. equal in length to^ie width of the gear face (see § 113). In the 
position shown dotted the teeth touch each other at the point 6. If 
the tcicth wore drawn iji some intermediate position, they would touch 
at SOUK' other point. For everj’- difFt;rent position which the teeth 
occupy during the action of one pair of teeth they have a different 
point of contact. A lino drawn through all the points at which the 
f('c‘th touch each other (in thistasc'the line aPb) is called the path of 
contact. This may be a straight line or a curved line, depending upon 
the nature of the curves which form the tooth outlines. In all properly 
constructed gcais the pitch point F,is one point on the path of contact. 

121. Obliquity of Action or Pressure Angle. The angle between the 
line drawn through the pitch point perpendicular to the line of centers, 
and the line ilrawn from the pitch point to the point wher^"h pair of 
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teeth are in contact is called the angle of obliquity of action or pressure 
angle. In some foi'ins of gear teeth this angle remains constant w^ile 
in other forms of teeth it varies. 

The direction of the force which the driving tooth exerts on the 
driven tooth is along the line drawn from the jiitch point to the point 
where a pair of teeth are in contact (see § 122). The smaller the 
angle of obliquity the greater will be the component of the force in 
the direction to cause the driven gear to turn ami the less will be the 
tendenew tp force the shafts apart. In other words, a large angle of 
obliquity tends to produce a large pressur^i»t?J’„the bearings. 

122. Law Governing the Shape of the Teeth. I'he curves which 
form the outline of tlu' teeth on a pair of gears may, in theory at least, 
have any form whatever, provided they conform to one law, namely; 
The line drawn from the pitch point to the point where the teeth are in 
contact vinst be perpendicular to a line drawn through the point of con¬ 
tact tangent to the evrees of the teeth. 

That is, the annmon normal to the t-^lh curves at all pofnts of contact 
must pass throiaih the pitch point. 

This is illustrated in Fig. KIO. The t<;(‘th in the full line position 
touch each olhci at a. That is, the curves are tangent to each othm 



at this point. The line ST is drawn tangent to the two curves at a. 
The curves must be made so that this tangent line is pcriiendicular 
to the line drawn from a to P. Himilkrly, in the dotted position the 
line VW which is tangent to the curves at th(‘ir point of contact h 
must be perpendicMilar to the line bP. This must hold true for all 
positions in which a pair of teeth are in contact, in order that the 
speed ratio of the gears shall be; constant. 

This law may be proved as follows: liCt An and Bm be lines drawn 
from the 1!!i‘nters A and B perpendicular to the common normal through 
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the point of contact a. Let ua ~ angular speed of gear A (expressed 
in radians) and taa = the angular speed of B. Then linear speed of 
71 = ua X An and linear speed of /a = w/i X Brn. The direction of 
motion of at and n are both along 717/1 at the instant under eonsitleration 
and th(5 motion is the same tis if wheel A werti pulling B by an inextt'ii- 
sible cord attached at 771 and n. That is, Iluj linear speed of /n = linear 

speed of n. Therefore ua X A 71 = wb X B/n or — = But since 

^ 07b , A/i 

th(i angular spet'ds of the radii to two points which have the same linear 


spr'tKl are inversely 
Therefore, 


a^he radii, — 

0>B 

Bin 
A n 


BJ^ 

AP 

BP 

AP 


Hence itm must intersect the liin; of centers AB at P. 

123. Conjugate Curves. T^o curv<;s arc said to be conjugate 
when they arc so formed that th(‘y may be used for the ou:line of 
two gear teeth which will work on each other and fulfill the law 
described in § 122. 

"*l24. To Draw a Tooth Outline which shall be Conjugate to a Given 
Tooth Outline, (liven tlio face or flank of a tooth of one of a pair of 
wheels, to find the flank or face of a tooth of the other. The solution 
of this problem depends on the fundamental law, § 122. In Fig. 131 
let the flank and face of a tooth on A be given. If .1 is {;onsidcred as 
the driver, points on the flank, as a and h, will bo points of contact in 
the approaching action, and by the law tlu'y can properly be points 
of contact only when the normals to the flank at these points pass 
through the pitch point; therefore drawing ac and bd normals to the 
flank from the points a and h respectivel 3 ", and then turning A back-' 
ward until the points c^nd d arc at the pitch point, we find positions 
tti and bi which a and b respectively must occup 3 '^ when they can be 
points of (contact with the face of a tooth of the oilier wheel. The 
point Ui must be a point on the desired face of a tooth on the wheel B 
when the pitch circles have been moved backwanl an arc equal (o 
CiC, that is, so that c is at the pitch point. To find this point when 
the teeth are in the original pos^ion,‘it is necessary' to move the wheels 
forward, the wheel B carrying with it the point Ui and the normal 
«iCi until the point ci has moved through an arc C 1 C 2 equal to cic: this 
will carry the point ni to fh, and tl 0 normal OiCi to chc^. During this 
same forward motion the normal t iCi moving with the wheel A will 
return to its original position ac. 

In a similar manner the point 61 , ^ hich can be a point of contact of 
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the given flank with the desired face, is a point on this face when the 
pitch circles of the wheels are moved backward an arc equal to Cyd. 
Moving them forward the same distance, the point 6 i and normal 6 iCi, 
moving with the wheel B, will be found at 62 and W 2 . This process 
may be continued for as many points as may be needed to give a 
smooth curve. The curve drawn through the points 026201 will be 
the required face. 

A similar process gives the flank of the tooth on the wheel B which 
will work properly with the given face. The normals taken in the 



* Fia. 132 

figure are eg and fh, the positioys of e and / when they can be points 
of cold act b(Mng c. and/i; and the points on the required flank when 
in the original position arc and / 2 . 

A smooth (Uirve passed through the points of contact (ii 6 i(;iCi/i will 
bo the path of contact, the beginning and end of which will be deter¬ 
mined by the addendum circles of B and of A respectively. 

Fig. 132 shows the same construction for finding the cqjjye for a 
pinion tooth conjugate to a given rack tooth. 
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Another method of solving the above problem is shown in Fig. 133, 
where ot and 02 are a pair of plates w'hosc edg('s are shaped to ares of 
the given pitch eireles AAi and BBi, due allowaneo being made for a 
thin strip of metal, (jh, eonneeting the plates, to insure no slipping of 
I heir cdgi's on each other. 

Attach io o» a thin piece of sheet metal, M, the edge of which is 
shap(>(l to the given curve aa; .and (o oi a piece of paper, D, the piece 
M being elevat{‘d above Oi to allow space for the free, movement of D. 

Now roll the plates together, keep¬ 
ing strip gh in tension, 

and, wilh a line marking-point, 
trace upon the paper D, for a suffi- 
ci('nt number of positions, the out¬ 
line of the curve auj. A (iurve just 
touching all th(‘ successive outlines 
on^), as ee.i, is the corresponding 
tooth curve for oi. 

126. To Draw the Teeth of a 
Pair of Gears. When the tooth 
outlines have been found, aiia 
th(? circular pitch, backlash, arl- 
dendum, and clearance are known, 
the teeth may be drawn as 
shown in Fig. 134. Let MN and 
RT be the known tooth outlines 
for the; gears A and B respectivady. 
To draw three teeth on each gear, one pair of which shall be 
in contact at the pitch point. Assume no backlash and the width 
of th(* t(;eth efjual to the spaces on th(‘ pitch circles. Draw the ad¬ 
dendum circl(;s of each with rjidius equal radius of pitch cirede 
plus afldendmn. Draw root circle of c.ach with radius equal to radius 
of pitch circle niirms (addentlum of other gear plus clearance). Space 
off the circular pitch on either side of P on each pitch circle. This 
may be conveniently done by drawing a line tangent to the i)itch circl(‘s 
at P, laying off the circular pitch PC and PCi on this liM(‘. Set the 
dividers at soim' small distance; suchtthat when spaced on tlu; pilch 
circles the length of arc and chord will b(; nearly the same'. Start .at C, 
step back on CP until the point of the dividers comes ne.arly to P (say 
at K) tln;n step ba(;k on the pitch circles the saim* number of spaces, 
getting // and L. //i and L\ can be found in the same mann(;r. 

Tlirough the f)oint./, where the curve RT cuts the pitch (;ircle of B, 
draw the radial line cutting the addendum circle at V. Make arc WX 
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equal to arc VR. Cut a templet or find a place on a French curve which 
fitt 5 the curve RJT, mark it, and transfer the curve to pass through X 
and P. Make PH^ equal to one half PHi, turn the curve over and draw 

Ia 



t 


B 

Fig. 134 

curve through Hz in the same way that PX was drawn. All the other 
curves may be drawn in a similar way. 

126. Clearing Curve. If the flanks are extended until they join 
the root line, a very weak tooth will often result; to av^d this, a 
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fillet is used which is limited by the arc of a circle connecting the root 
line with the flank, and lying outside the actual path of the end, of 
the face of the other wheel. This actual path of the end of the face 
is called the true clearing curve. 





t 

135 

This curve is the epitrochoid traced by the outermost corner of one 
tooth on the plane of the other gear. The general method of drawing 
such a curve is shown in Fig. 135. The tooth M is to work in the space 
N. Frdba c lay off the equal arcs ee\, eiez, etc., and from / lay off 
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the same distance //i, // 2 , etc. From /, /i, /a, etc., draw arcs with the 
radii eli, ei/i, ejl, etc., respectively. A srnofrtli curve internally tangent 
to all these curves will be the desired epitroehoid or clearing curve. 

127. The Involute of a Circle. The form of the curve most com¬ 
monly given to gear teeth is that known as the involute of a circle. 
Teeth properly constructed with this curve will conform to the law 
(losoribod in § 122 as will apjwar in the following paragraphs. This 
curve and the method of drawing it will, therefore,, be studied before 
coiihidcring the method of applying it to gear teeth. 

In Fig. 1.36 the ^H^P^f^fprcsents the end view of a cylinder around 
which is wrapped an inextensiblo fine thread, fastened to the cylinder 
at A and having a pencil in a loop at P. If now the pencil is swung 
^•iit so as to unwintl the thread 
from the cylinder, keeping it 
always taut, the curve which the 
pencil traces on a piece of paix^j|. 
on which the cylinder rests is 
known as an involute of the 
circle which represents the end 
view of the cylinder. The same 
result is obtained by considering 
the tracing* point to b(‘ earned 
by a line rolling on a circle. All 
m volutes drawn from the same 
circle are alike, but involutes 
drawn from circles of diffiMcnt 
diameters arc different, ^’lie 
greater the diameter of the circle 
the flatter will be its involute. 

Jn constructing the jdvolute 
of a circle on the drawing board 
it is, of course, impossible actu¬ 
ally to wrap a thread around 
th(‘ circle jind draw the involute 
by unwinding the thread. Fig. 

137 shows the method of constfucling an involute on the (hawing 
board. Suppo.se the involute is to be drawn starting from any point p 
0 !i t h(‘ circle whose center is C. Set the dividers at any convenient short 
spacing; a distance which is about the circumference of the cir(;le 
will give good results. Place one of the points of the dividei*s at p and 
spacer along on the circumference a few times, getting the eq^distant 
points m, n, r, s. At each of these points draw radial lines and con- 
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struct lines perpeiuUcular to these rutUi as shown. Each of these 
tK'r^wndiculars will then be tangent to the circle at one of the points. 
TaVvuy; cave tUat the setting of the dividers remains unchanged, Jay 
off one space hi I on the tangent at hi. t3u the next line, which is 
tangent at n, lay otT from n the same distaiicn twice, getting the point 
2. From r lay off the distance three times, getting the point 3; and so 
on until points arc found as far out as desired. A smooth curve drawn 
through tliesc points with a French curve will !)(' a very close approxi¬ 
mation to the true involute, — close enough for all practical purposes 
if the work is done carefully. * 

128. Application of the Involute to Gears. In J'’ig. 138 let A and B 
be the centers of two gears whos(^ pitch circles arc' tangc'nt at P. Through 




Cirde 

I fi. - PUch Cirdo 



\ 

\ 

\ 





138 




P draw a line XX p('rp(Hnlicnlju' to the line of centers AB and another 
line YY making an angh' K with XX. From A draw a line Aa ])ernon- 
clicular to YY and from B draw Bh also perpendicular to YY. Tlien Aa 
and Bb will be the radii of circles f^rai^n from A and B res[MK;1,ivoly, tan¬ 
gent to YY. These circles are called base circles. The triangh' AaP is 

similar to the triangle BhP, therefore, That is, the radii of 


the base circles are in the same ratio as the radii of tlu; iiitch circles. 
Therefore, since 

Angular sfK^ed of A _ BP 
Angulai' speed of B AP 



GEARS AND GEAR TEETH 


107 


it follows that 


Angular speed of A _ Bh 
Angular speed of B Aa 


If now the tooth outlines on the gear A are made involutes of th(^ 
circle whose radius is Aa and thase on B involutes of the circle whosti 
radius is Bh, a tooth on A will drive a tooth on B in such a way that at 
all times the angular speed of A will be to th(i angular spcKid of B as 
Bb is to Aa, the action being the samci n.s if the lines nb and aibi were 
inextensible cords connecting the bas(^ circh^s and the involutes weie 
curves traced by inaj||ik|yj 8 'nts on tin? cords. The same ratio of speeds 
would hold if B were tii^driver. The teeth would always be in contact at 
a point on the line aPh or at a point on uiPbu The path of contact in 
gears having involute ti^eth is, th(‘refore, a straight line and th(i angh> of 
oblicpiity or pressure angle is constant. That is, the direct ion of the force 
which the driving tooth exertson tleiiriveiuooth is the same at all limes. 

129. To Draw a Pair of Involute Gears. Supi)ose t hat it is required 
to draw a pair* of involute gears^-pitcli, Hi 1 e(!th in the driver and 12 
te(dh in the driven gear; addendum*on each to be ]- in. and dedendum 
jtV pressure angle 6 = 22 ^°. 

•j-'.«^no-half of one gear and 4 teeth on tlie other will ho drawn. In 
Fig. 139 draw a center line and on this line ehoose a point S which is 
to be the (ieiiter of the driving gear. To find the ilistance betwt'en 
centers and thus locate the cent(‘r of the other g(\-ir, first find the pitch 
diameter of each. Since the driviT has Hi t('eth and is 4-j)itch (that is, 
it has 4 teetli for every inch of pitch diameter), its jiitch dianicter must 
b(^ Hi 4 or 4 in. In like' manner the diame'te'r of the other gear is 
12 -i- 4 or 3 in. The distance between centers must bo equal to the 
radius of the driver plus the radius of th(' driven g('ar and is, therefore, 
2 + 12 ii'- or ‘^2 io- Measure off the distance *S*S!i etpial lo 32 - in. and 
*S'i is the center of the driven gear. Next, locate the pitch j){)int P, 2 in. 
from B or I- 2 - in. from *Si,^id through P draw ares of eireU's with S and 
(Si as centers. These arcs are parts of the pitch ciieles of the two gears. 
Through J* draw the line XX perpendicular to the line of eenti'rs ;md 
draw the line YY making an angle of 22 . 2 ® with A'A'". From (S and Ni 
draw lines perpendicular to YY meeting it at a and b. With radii Ba 
and Bxb draw the base circles. Dfiiw^tho addendum circle of the upper 
gear with B as a ci'Uter and radius equal to the railiiis of the pitch circle 
plus the addendum distance. This will be 2 ’ in. In similar manner 
draw the addendum circle of the lower gear with a radius 1? in. Draw 
the root circle of the upper gear with B as a center and radius 2 — 3 ^ 
in. (that is pitch radius — dedendum). Find t,he root circle of the lower 
gear in a similar way. Wo are now ready to construct the toeW. 
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From the point a space off on the base circle (lu; arc at equal in length to 
the line aP and from t, thus found, draw the involute of the base circle 
of the upper gear as described for Fig. 137. tPk is the curve thus found. 
In a similar manner find the point r such that arc br is equal in b'ligth 
to the line hP and from r draw tlu* involute rPn of t he lower base circle. 

The shape of tlu^ tooth curves having becm found in this way, the 
next step is to find the width of the teeth on the ]>it(!h circles and draw 
in the remaining curves. Since the gears are l-piU^h, the circular pitch 



is } X 3.J41() = 0.7854 in. and if the width of the tooth is one-h;ilf tlu^ 
circular pitch, as is usually the case, the width of the tooth on ('ach g(;ar 
must be x 0.7854 or 0.31) in. nettrlf. Therefore, lay olf th(' arc 
eipial to 0.39 in. aiul through H draw an involute which is a duplicat(^ 
of the curve tPk except that it is turned in the reverse direction. Simi¬ 
larly make PT ('qual 0.39 and draw an involutti through T which is a 
duplicate of the curve nPr. TluistJ curves can b(‘ transf(!rred to th<? new 
positions by means of teinplets, it b(‘ing uniaaiessary to construct the 
curve uiore than once. The part of th(‘ tooth outlines below the base 
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circles may be made radial lines with small fillets at the bottom corners. 
One tooth on each gear has now been completed and other teeth may 
be drawn like these by means of templets. 

If the larger gear is the driver and turns in the direction indicated by 
the arrow, the path of contact is the line MPN. 



130. Normal Pitch. The normal pitch is the distance from one 
tootli to the corrcisponding side of the next tooth, measured on the com- 
mv)n normal (CCi, Fig, 140). From the method of generating the curves 
t his distance is constant and is equal to the distance between the corre¬ 
sponding sides of two adjacent teeth measured on the base circle (arc 
KKi, Fig. 140). •* 
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The definite quantities in a given involute gear are the base circle 
and the normal pitch. 

131. Relation between Normal Pitch and Circular Pitch. Referring 
to Fig. 140, let D represent the diameter of the pitch circle and D# the 
diameter of the base circle. N = normal pitch, C = circular pitch, 
T the number of tcjoth, a the point where the line of obliquity (or generat¬ 
ing fine) is tangent to the base circle, and 6 the pressure angle. Draw 
Sa and produce it to meet XX (the tangent to the pitch circle through 
P) at W. Angle aSP = angle aPW = 6 , and the triangles aPW and 
aSP, are similar. 


Therefore, 


a»S 


= cos 6 . 


Prom the definition of normal pitch (§ 130) 


and from equation (44) 


Therefore, 



C 

N 

C 


•jtD 

p* 

Dft n 

-rpr = COS 6. 


(50) 


That is, the normal pitch is eqml to the drcnlar pitch midliplied by the 
cosi7ie of the pressure angle. 

132. Relation between Length of Path of Contact and Length of 
Arc of Contact. Tri Fig. 141 the teeth shown in full lines are in con¬ 
tact at the beginning of the path of contact and the teeth shown 
dotted are at the end of the path of contact. 

The angle a is therefore the aright of action on the driven gear and 
arc NPM is the arc of action. The corresponding arc of the base circle 
is LK. ^ 

As previously shown. 


Therefore, 


Radius base circle 
lladius pitch circle 
are LK 


cos 6 . 
cos 6 . 


But, from the properties of the involute, considering the line ab as the 
connecting line between the two revolving base circles, the length of 
the lint' TTi (that is, the path of contact) is equal to the length of the 

arc TjK. 

TherefW'C, arc = cos d. ( 51 ) 
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That is, the path of contact is equal to the arc of contact multiplied by the 
cosine of the pressure angle. 

A convenient method for finding this relation graphically is as follows: 
Draw XX tangent to the pitch circles at P. From T and Ti draw TR 



Fk;. 141 


and TiS perpendicular to TTi, meeding XX at R and S. The length 
RS is then equal to the length of the arc of action, RP being tlm length 
of the arc of approach and PS the length of the arc of recess. 
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Cbnvcrsoly, if the lengths of the arcs of approach and recess are 
known, the ends of the paths of contact may bo found by laying off the 
arcs along XX and drawing perpendiculars to ab. 

133. Limits of Addendum on Involute Gears. Fig. 141 shows one 
tooth on each of a pair of 4-pitch g(?ars of 18 and 24 teeth respectively. 



The addendum arcs of the teeth, shown in full lines, arc such that the 
addendum distance is equal to } the module in.). Jf for any reason 
it is desired to redesign these gears with longer teeth, that is, with larger 
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addendum circles, it will be neccissary to know how long the teeth can 
be made without causing trouble. The tooth on B can be increased in 
length until the addendum circle passes through the point a, where the 
line of obliquity YY is tangent to the base circle oi A. If the tooth is 
made longer than this limit, interference will result unless some special 
forjn of curve is constructed in place of the involute for the outer end 
of the tooth. * 

At the right of Fig. 142 are shown the same pair of teeth with the 
addendum of gear B lengtlKiiied so that the addendum circle, is outside 
of point a. It will^l|n*i«‘»ced that the extended face of the tooth 



of B cuts into the radial e.xtension of th(‘ Hank of the tooth on A 
;itul also cuts slightly into that part of the tooth outside the base 
circle. 


To sliovv that, intiivference of this sort, occurs refer to Fig. I42a where 
a 22 tooth g(‘ar B is shown working with a 10-tooth ])inion A. P is the 
pitch point, a tlie point whore tlft b'lse cirele of the pinion is tangent 
to the liiu; of obliipiity. If the addendum of the gear B is carried beyond 
a (say, to k) the conjugate to^thc line ak is the involute na of the pinion 
base circh* and lii^s in t,he space between the pinion teeth. To see that 
this is true assunui tliat the line of obliquity is a cord carrying a point 
which traces tin* involutes (set; § 128) and, instead of wiapjiing around 
the base circle of the pinion, is tangent to it at a and extends *beyond 
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carrying a marking point at n\. As the gear B turns to the left the cord, 
by its contact at a, turns the base circle of the pinion right-handed, 
the tracing point jh traces the outline kiOy (same {is ka) on the plane of 
the gear B and the curve UiUi (same as na) on the plane of the pinion A. 

Next, to show that the curve kia„ will cut into (jurve aiti (the regular 
pinion tooth) as the tracing point approach(;s a, assume the tracing 
point to be at n^. The curve k 2 aw (same {is ka) will be tangent to a 2 n^ 
(same as an) at rh. Now (hk is tangent to at ua. Therefon*, since 
and a ^*2 are tangent to the same curve a 2 n^ at different points, their 
directions must be such that they tend to^ft^Cf In the figure the 
interference is evident. When the tracing point reaches a the inter¬ 
ference ce{ises. 

The above consider{ition shows that while the common normal will 
trace conjugate curves beyond a, it is impossible to get proper action 
for that portion of the tooth outline kar outside of a, first because the 
conjugate to ka lies inside the tooth which kar is the outlin(‘, rind sec¬ 
ond because the part of th(^ tooth of w^hich ka is the outline cuts into 
the tooth ouflinc at. 

Referring {igain to P^ig. 142, the tooth on A might be lengthened imti^ 
the addendum circle passed through the point of t{ingency b except for 
the fact that there is another limit to the addendmn which sometimes 
has to be considered. The rmixinmm addendum here is limited by the 
intersection of tlu* two sides of the tooth giving a pointed tooth. It is 
evident tluit no further increase in {iddendiirn is here possible. 

1''he following illustration will h(*lf) to make the above statements 
clear. 

In Fig. 143 let it be recpiired to determine if the art; of recess can 
be equal to | of the circular pitch. Lay off from a on t^he tangent the 
distance ab = I o( the circular pitch. Draw he perpendicular to the 
line of obliquity; c will ha, the (;nd of the palt of contact for the given 
arc of recess. If the point c came beyond d, the tangent point of th(; 
line of obliquity {ind the hiso circle, the ardion would be imjKissibh* since 
no contact can occur beyond d. But if, as in P^'ig. 143, th(‘ [joint c conu's 
between a and d, it is nece.s.sary to determine if the hice of tlu? tooth 
on A can reach to c. Lay off on the pitch circle A the {irc ar = ah = | 
of the pitch; the face of the tooth’on'^A will then pass through c {ind e. 
Draw the line co from c to the center of A , and note the point / where it 
cuts the pitch circle A . If ef is less than'qne-htilf the thic-kn(*ss of the 
tooth, the action can go as f.ar as c and the teeth will not be pointed. 
In the figure, assuming tooth and space equal, the thickness of the tooth 
would be eg, and ef is less than eg; therefore the action is possible, as 
is shown by the two teeth drawn in contact at c. 
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134. Involute Pinion and Rack. Fig. 144 shows a pinion driving 
a rack. The path of contact cannot begin before the ix>iiit a, but tJie 
recess is not limited excepting by the addenflum of the pinion, sineci 
the base line of tlio rack is tangent to the line of oldiquity at. infinity. 
For the same reason it will be evident that t,he sides of the te(*th of tin* 
rack will be straight lines perpendicular to tin; line of obliquity. In the 
figure the addendum on the rack is made as much as the; pinion will 
allow, that is, so that the path of contact will Ix'giii at a. 4'he adden¬ 
dum of the pinion will give tlu' end of the path of contact at 6. 



In Fig. 145, the diagram for a i)mion and a rack, lef. it bo required 
to determine if the path of contact can begin at a and go as far as 6; 
to be solved without using tin* tooth eurvt's. For the contact to begin 
at a the face of the rack must reach to a. Diaw the line ac perpendicu¬ 
lar to the line; of obli<pnty, givnng cd as the arc of approach: draw ac 
parallel to the line of ccaiters, and if a: is less than one-half th(‘ thick¬ 
ness of the rack tooth, the approaching action is possibh* without 
pointed te<‘th. Similarly for the recfss, draw the lim? bf yxa-pendicular 
to the line of oblifpiity, giving df equal to tin; arc of rec(;ss; mak(‘ the. 
arc dg on the pinion’s pitch circh^ equal to df, then the face of the ])inioii's 
tooth will pass through b and g; draw the line; hh to tin' ccntc;r of the 
pinion, and note the point h where it crosses the pinion’s f)itch circsle. 
If gh is less than one-half the thickness of the tooth, thi; recess is pos¬ 
sible without iwinted teeth. 
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136 . Involute Pinion and Annular Wheel. Fig. 146 shows an invo¬ 
lute pinion driving an annular wheel. This case is very similar to a 
pinion and rack. The addendum of the annular is limited by the tan¬ 
gent point a of the pinion’s base circle and tlni lino of obliquity, wliile 
the addendum of the pinion is unlimited except by the teeth becoming 
pointed. The base circle of the annular lies inside the annular, so that 
its point of tangency with the line of obliquity is at b. If we take some 
|)oint on the line of obliquity, as c, and roll the tooth curves as they 
wouM appear in contact at that point, the teeth of the annular will lx; 



found to be concave, anil the addendum of the annular would seem to be 
limitixl by the biisc circle of the annular where the curves end. But if 
these two teeth arc moved back un^l they are in contact at a, it will be 
evident that the ruinuhir’s tooth curve cannot be extended Ixyoiid a 
without intia-fering with the pinion ti'cth as in the cjise of the gear in 
Fig. 142a. Ther(;fore the addendum of the annular is limited by the 
point of tangency of the base circle of tJic pinion and the line of obliquity. 

If the ratio ot the number of teeth in the pinion to the number of 
teiith in the annular exceeds a certain limit, interference wi\ip occur 
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between the tei’tth after they have ceased contact along the path of con¬ 
tact. This is illustrated in Fig. 146a, where an 184ooth pinion is shown 



with a 24-tooth annular of 14 obliquity. Their teeth are shown inter¬ 
fering at K. 

The limiting size of the pinion at which this interference begins to be 
evidfcp*^ is a function of the angle of obliquity. 
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136. Possibility of Separating two Involute Wheels. Interchange¬ 
able Gears. One of the most important features of involute gearing 
is the fact that two such wheels may be separated, within limits, without 
destroying the accuracy of the anguUir speed ratio. In this way the 
bjicklash may be adjusted, since the original pit(!h circl(« need not be 
in contact. To show that this is so, the gcMirs shown in Fig. 147 may 
be redrawn using the same pitcli (circles and base circles, but separating 
them slightly, keeping the teeth in contact, {is h{is been done in Fig. 
148. Contu'ct the base circles by the tangent he. If now,the line be 
cam(« a ni{irking-p(|lM|||^J^dll (ividently trac^e the involutes of the two 
b{ise circles, as de and ne, and these curves must be the same as the tooth 



Fig. I tGa 

curves in Fig. 147. In ^g. 148 these curves de and he will give an 
.‘uiguhir speed ratio to the base circh's inversely {is iheir radii, but the 
{■{idii of these base circles {ire (lirectly as the r{idii of the origiinil pitch 
cirf'ies (Fig. 147 ); hence in I'’ig. 148 the tooth curves de and he would 
giv(‘ .an angu!{ii* speed r{itio to the two wheels iiu'orsely iis the radii of 
the oi iginiil pit(!h cirides, although^hese circles do not touch. The path 
of cont{ict is now from k to e, which is consiih'r.ably shorter tluin in 
Fig. 147; it is, however, slightly more than the nornail pitch, so that the 
{iclion is still siithcicnt. The limit of the sep{iration will he when the 
piith of contacd. is just equal to the normal pitch. The pressure angle 
is bam, ivliich is greater than in Fig. 147. The backlash has also 
in(!re{is(Kl. , . 
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Tho wheels have new pitch circles in contact at a, and a new angh. 
of obliquity or pressure angle, also a gi’eater circular pitch with a certain 

o,(^ 

\ 

\ 

\ 


\ 



Fi«. 147 


amount of backlash; and if those latter data had been chosen at first 
the result would have been exactly the same wheels as in Fig. 147, slightly 
separate.:!. It will be seen that the radii of the new pitch circles are to 
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each other as the radii of the respective base circles, and consequently 
as the n^pectivc original pitch (nrcles. It will also be seen that the 


I 
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lino of obliquity, which is the common normal to the tooth cui ves, passes 
through th(; new i)iteh point a so that tlio fundamoiital hiw of gearing 
is still fulfilled. • 
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By the application of the preceding principles two or more wheels 
of different numbers of teeth, turning about one axis, can be made to 
gear correctly with one wheel or one rack; or two or more parallel racks 
with different obliquities of action may be made to gear corrc'ctly with 
one wheel, the normal pitches in each case being the same, 'riius rlif- 
ferential movements may be obtained which ar(‘ not possible with teeth 
of any other form. 

In this same connection, attention may be called to the fact that in 
a set of involute gears which are to b(^ interchaiweable the normal jiitch 
must be the same in all. 

137. Standard Proportions. T’'here is no one standard governing 
the relations between pitch, addendum, clearanct*, etc. Two nudhods 
of proportioning the teeth may be mcjilioned which, for coiivenie.nce, 
vdll l)c referred to as the Brown & Sharpe Standard and the American 
Society of Mechanical Engineers Standard, 'fhe Brown & Sharpe 
sbmdard represents the proportions^ordinarily used b^ the Brown A: 
Sharpe Manufaiduring Company. Their pra(dic(i is to modify the form 
of the tooth curves slightly at the end to avoid int(‘rfer(aice, or as (‘xpe- 
rience has shown them to l)e desirable, ^'he A.S.M.E. standard is that 

r * 

proposefi in a majority r(‘port of a committee appointed to recotnmend 
a standard which would b(' desirable for general adoption. 

The following tables give the proportion for the two standards. 

Tabi.to L —BROWNE & SHARPE STANDARD FOR 
INVOLtJTK (tEARS 

Anglo of obliquity (prossiin' 'inglc'). Hi'’ 

Adflomluin . . IC(|U:il to modulo 

CJcaranco .Approxiinatoly J modulo 

Dodenduni or root.Approximately K modules 

Taulb II. —A.S.M.E. STANDARD^’hoposed) FOR 
INVObliPE OFJARS 


Anglo of obliquity ([m'SMirc angle) .221° 

Addendum. .| modulo 

('loaraneo. .« modulo 

Djidendum or root.Equal to module! 


• t 

Another standard, differing slightly from the A.S.M.E. standard, 
gives the form of tooth known as the stub tooth. 

138. Cycloidal Gears, h'ormerly, gear teeth were constructed on 
the cycloidal system. The faces of the teeth were epicycloids generated 
on the pitch circhjs and the Hanks hypocycloids general;od inside the 
pitch dHcles. The involute system has replaced the cycloidal almost 
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entirely for general purposes, although cycloidal teeth are still used in 
some special cases. 

In Fig. 149 let oi and 02 be the centers of the two wheels A and B, 
their pitch circles being in contact at the point a. Let the smaller circles 
C and D, with centers at p\ and p 2 , be placed so that they are tangent 
to the pitch circles at a. Assume the centers of these four circles to he 
tix(‘d and that tlu;y turn in rolling contact,; then if the point a on the 



(‘.ircle A moves to a-, 02 , as, the sa|iie*point on B will move to 61 , 62 , 63 , 
and on C to c^ , C 2 , cg. Now if the point a on the circle C caiTics a marking- 
point, in its motion to Ci it will have traced from the circle A the hypo- 
cycloid fliCi, and at the same time from the circle B the epicycloid 6 iCi. 
This can be seen to bo true if the circles A and B arc now fixcnl; and if 
C rolls in A, the point Ci will roll to aj, tracing the hypoc 3 'cloid Ciai] 
while if C rolls on B, ci will trace the epicycloid Cifti. These t\s^ curves 
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in contact at ci fulfil the fundamental law for tooth curves, that the 
normal to the two curves at the point Ci must pass through a. Simi¬ 
larly, if the original motion of the circles had been to a^, 62 , C 2 , the same 
curves would be generated, only they would be longer and iji contact 
at C 2 . If the hypocycloid C 2 fJi 2 is taken for the flank of a tooth on A, and 
the ('picycloid C 262 for the fac(' of a tooth on B, and if drives C 262 
toward a, it is (ivident. that tlu'sc* two curves by their sliding action, as 
they approach the liin^ of centcas, will give the same typo of motion to 
the circles 4 is the circles had in g<‘n(Tating the «*urve 8 , whic^h was pure 
rolling contact. Therefore the two cycloi^swlii^^ es rolle<l simultane¬ 
ously by the describing circh'. (/ will cause by tlicir sliding contact tlie 
same angular speed ratio of A ajid B as would b(* obtained by A and B 
moving with pure rolling contact. 

If now the circles A, B, and D are rolknl in tl|e opposite direction to 
that tak(m for A, B, and C, anil if the point a move's to 1 / 4 , ^ 4 , and 1/1 on 
the respective circles, the i)oint a om/) wliih' moving to d\ will trace 
from A the epicvcloid oii/i, and from % the hv[)ocycloid The curve 

Oidi may be tlie face of a tooth on A, and b\d\ the Hank of a tooth 
on 7 ?, the normal d\n to the two curves in contact at d\ passing through «. 
The flank and face for tin* teeth on A and B, respectively, which were 
previously found, have been added to the fa<*(‘ and flank just, found, 
giving the complete outlines, in contact at d\. 

If now the wheel B is turni'd L.H., the tooth shown on it will drivi* 
the tooth on A, giving a. constant, angulai’ speed ratio between A and B 
until the face of the tooth on B has come to the end of its action with 
the flank which it is driving, at about the point 

The following facts will be I'vident from the foregoing discussion: in 
the cycloidal system of giairing, the jlonk and face which^are to act upon 
each other must he generated hg the same describing circle, but the describ¬ 
ing circles for the faiiu and flank of the teet^^of one wheel need not be 
alike. The path of contact is alicags on the describing circles; in Fig. 149 
it is along the line d^acl. 

139. Interchangeable Wheels. A set of wheels any two of which 
will gear together are calk'd interchangeable whi'els. For these the 
same’ describing circle must be used in genei'ating all the faces and 
flanks. The size of t he describing drcle depends on thii properties of 
the h 3 rpocycloid, which curve forms the flanks of the teeth (excepting 
in an annular wheel). If the diameter of the describing circle is half 
that of the pitch circle, the flanks will be radial (Fig. 1 ”> 0 , A), which 
gives a comparatively weak tooth at the root. If the describing circle 
is made smaller, the hypocycloid curves away from tlu' radius (Fig. 
150, 5 )%nd will give a strong form of tooth; but if the describing circle 
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is larger, the hypocycloid will curve the other way, passing inside the 
radial lines (Fig. 150, C) and giving a still weaker form of tooth, and 
a form of tooth which may be impossible to shape with a milling- 
cutter. 

From the above the practical conclusion would appear to be that the 
diameter of the describing circle should not be more than one-half that 
of the pitch circle of the smallest wheel of the set. It will be found, 
however, that when the diameter of the describing circle is taken five- 
eightlis the diameter of the pitch circle, the curvature of the,flanks will 
not be so great, witl’i^^^^^HWirfinary proportions of height to thickness of 
teeth, but that the spaces are narrow'cst at the bottom; this being the 
cas(;, th(; teeth can be shaped by a milling-cutter 

In one set of wheels in common use the diameter of the describing 
circle is taken such that it will give radial Hanks on a 15-tooth pinion, 




Em. 150 


or iive-eighths that of a 12-tooth pinion, the smallest wheel of the set. 
This describing circle hasused wit,h excellent results. 

A.S an example, given an interchangeable set of cycloidal geare, 2-P., 
radial flanks on a 15-tooth pinion; a gear having 24 teeth is to drive 
oru^ having 30 teeth. The diameter of a 2-P., 15-tooth pinion would be 
7 2 ihches; to give radial flanks on this pinion the diameter of the de¬ 
scribing circle would be 3f inches. This is the diameter of the describ¬ 
ing circle for all the faces and flanksifof any gear of the set. The 24-tooth 
gear will have a diameter of 12", and the 30-tooth gear will have 15" 
diameter. This will give the diagram in Fig. 151 ready for the rolling 
of the tooth outlines. 

140. To draw the Teeth for a Pair of Cycloidal Wheels, and to 
determine the Path of Contact. In Fig. 152 given the pitch circles 
A and B and the describing circles C and Z), C to roll the fa<?lb for B 
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jind the flanks for A, while D is to roll the faces for A and the flanks 
for /?. 'rh(we curves may be rolled at any convenient place. In the 
figure, the wheel A is to be the driver and is to t urn as shown. Choose 
any point, as b, on A and a point a on jB at a distance from the pitch 
point (if = bf. The epicycloid and hypocjyeloid rolled from a and 6 
respectively, a!id shown in contacil at 62 , would be suitable for tlio faces 
of the teeth on B and the flanks of the teeth on A respectively, and could 
be in action during approach. The curves may be rolletl as indicated 
by the ligl*t, lines. The method used to roll these curves is shown in 
Fig. 153, where the circle C is tracking a »loid on A from the 

point 0 . Assume th(; circle C to start 
tangent to A at o and to roll as shown, 
drawing it in as many positions as may 
b(‘ desired to obtain a smooth curv(j, 
and these positions do not need to be 
('qui^listant; thus in the figure the 
eiMiter of C is at 6, c, and d for the three 
positions used. Since the circle C rolls 
on A , the distance measurc‘d on A from 
0 to a tangent point of C and *A iis’ 
ecpial to the distance measured on C 
from that tangent point t.o the hypo- 
cycloid. Th(^ miithod of spacing off 
t,hes(! (‘qual arcs for the successive 
positions is indicatiid in Fig. 153. 

Ibiturning to Fig. 152, the circle D 
is to roll the faces for the teeth on A 
and (he flanks for the teeth on B. 
Th(‘sc curves may also be rolled from 
any convi'p^int points, as c and d equi¬ 
distant from f. The face thus found from A maybe traced and then 
transferred to the flank already found for the teeth on A at the point b, 
giving the curve bzbc', the entire acting side of a tooth on A. Similarly 
by transferring the flank r/ds to the point a wo have h^ad', the shape of 
the teeth for the wheel B. It Avill be seen that the face on A could have 
been rolled from h as well as from'c, lo that the entire tooth curve could 
be rolled from b, and similarly the other tooth curve could have been 
rolled from the point a. After finding the tooth curves, and knowing 
the addendum, clearance, and backlash, the teeth may be drawn. In 
Fig. 152 the teeth are drawn without backlash, and in contact on their 
acting surfaces at h and k. The path of contad is efg on the describing 
circles tfnd is limited by the addendum circles. 
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141. Limits of the Path of Contact. Possibility of Any Desired 
Action. If, in Fig. 152, the teeth of cither wheel are made longer, the 
path of contact and arc of action arc increased; the extreme limit of 
the path of contact would therefore be when the teeth become pointed. 

It is often desirable to find whether a desired arc of action in approach 
or in recess may bo obtained before rolling the tooth curves. Given 
tlic pinion A driving the rack B as shown in Fig. 154; to determine if 



Fig. 152 


an ar>* of approach equal to is possible. The path of contact must 
t hirn begin at c, where the arc ac^is <cqual to o6. The/ace of the rack's 
tooth must be long enough to reach from b to c, and this depends on the 
thickness of thc! tooth measured on the pitch line, since the non-acting 
sidi; of the tooth must not cause the tooth to become pointed before 
the point c is reached. To see if this is possible without the tooth curves, 
draw a line from c parallel to the line of centei's (in general this line is 
drawn to the center of the wheel; the rack’s center being at infinity gives 
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the line parallel to the line of centers), and note the point d where this 
line crosses the pitch line of the rack. If bd were just equal to one-half 
the thickness of the tooth, the tooth would be pointed at c, and the 
desired arc of approach would be just possible; if bd were less than ontv 
half the thickness of the tooth, the tooth would not become pointed 
until soiiM' point beyond c was reached, so that th(^ action would be pos¬ 
sible and the teeth not pointed, jus shown by th(? figure. 

If it is desired to have the arc of recess ecpial to the arc; af, then the 
path of contact must go to g, and the face of the pinion must remain in 
contact with the flank of the rack until tl)h4ill||||l^ ^ is reached, or the 
fac(^ mi*st be long (mough to reach from / to g. Drawing a line from g 
to the center of the pinion A, we find that the distance fh is greater 



than one-half of fk, which is taken aTthe-thickness of the tooth; th(Te- 
fore the desired arc of recess is not possible even with pointed teeth*. 

The minimum arc of action, as in the case of involute gears, is the 
circular pitch. • |> 

142. Annular Wheels. Fig. 155 shows a pinion A driving an annu¬ 
lar wheel B, the describing circle C generating the flanks of A and the 
faces of B, which in an annular wheel liti inside the pitch circle, while D 
generates the faces of A and the flanks of B. The describing cinde C 
is called the interior describing circle, and D is called the exterior describ¬ 
ing circUf. The method of rolling the tooth curves, and the action of 
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the teeth, are the same as in the case of two external wheels, the path of 
contact being in this case efg when the pinion turns R.H. If these 
wheels were of an interchangeable set, the describing circles would be 
alike and found as explained in § 139, and the annular would then gear 



in the following paragraph. 

143. Limitation in the Use of an Annular Wheel of the Cycloidal 
System. Referring to Fig. 155, it will be evident, that, if the pinion 
drives, the/aces of the pinion and annular will tend to be rat her near each 
other during recess (during approach also on the non-act ing sWe of the 
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teeth). The usual conditions are such that the faces do not touch; but 
the conditions may be such that the faces will touch each other without 
interference, for a certain arc of recess; or, finally, the conditions may 
be such that the faces would interfere, which would make the action of 
the wheels impossible. 

To determine whether a given case is possible it is necessary to refer 
to the double generation of the epicycloid and of the hypo(!ycloid. 
The acting face of the pinion, Fig. 155, is rolled by the exterior descaib- 
ing circle D, wliile the acting face of the annular is generated by the 
interior describing circle C. Two such fac^ji^ill^ ,hown in Fig. 150 as 
they would appear if rolled from the points g and h, equidistant from 
the pitch point fc. The acting face of A is an epicycloid, and is made 
by rolling the circle D to the right on A. It is also true that a circle 
whose diameter is equal to the sum of the diam(^ters of A and D would 
roll the same epicycloid if rolled in the same direction. This circle is 
E, Fig. 156, and is called the intermediate describing circle of the pinion. 
The acting face of the annular is a ll^pocycloid rolled*by the interior 
describing ciri:1<‘ C rolling to the left insidt; of B. It is also true that 
the same hj’^pocycloid would be rolled by a circle whose diameter is 
equal to the differeiuje between the diameters of B and C, provided*it is 
rolled in the opposite direction. 'J’'his c.irek? is F, Fig. 150, and is called 
the intermediate describing circle of the annular. 

If now the four circles A, B, K, and F turn in rolling contact, through 
arcs each equal to kg, the point k will be found at g. h, m, and n on the 
respective circles, the point k on E having rolled the epicycloid gm, 
while k on F rolls the hypocycloid hn. 

To determine whether these faces do or do not touch or conflict, 
assume that the given conditions gave the circles E and F coincident 
as in Fig. 157 where 

diam. A + diam. D = diarn. E = diarn. diam. C = diarn. F. 


Here if the three circles A, B, and (EF) turn in rolling contact, the 
point k moving to gr on A will move to h on B and to (mn) on the com¬ 
mon intermediate circle. This nu'aiis that the common intermediate 
circle could simultaneously generate the two faces; therefore the two 
faces are in perfect contact on the ijitermediatc circle. This contact 
will continue until the ad<lendum circle of one of the wheels crosses 
the intermediate circle, the arldendum circle crossing first necessarily 
limiting the path of contact. 

The above may be stated as follows: If the intermediate describing 
circles of the pinion, and annular coincide, the faces mil be in contact in 
recess, ijkthe pinion drives, in addition to the regular path of contaet. 
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If in Fig. 157 the exterior describing circle, for example, should be 
made smaller, as in Fig. 158, then the intermediate of the pinion would 
be smaller than that of the annular; but if the.exterior describing circle 
is smaller, the face gm will have a gi*eater curvature and will evidently 
curve away from the face hn, so that no contact between the faces can 
occur, as is shown in Fig. 158. Hero no additional path of contact 
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occurs, and it is evident, if the nvomkg, knt, hi, and kh are equal as they 
must be, if the circles move in roiling contact, that the snniller I) be¬ 
comes (and consequently K) the greater will be the space between the 
faces. 

This may be stated as follows: If the intermedUde describing circle of 
the 'pinion is smaller than that of the annular, the faces do not touch, and 
the action is in all respects similar to the coses of externa! irheds. • 
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In Pig. 159 the exterior describing circle D is made larger than it is 
in Fig. 157, so that the intermediate E of the pinion is larger than F, 
that of the annular. Making the circle D larger would give the face of 


I 



i 
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the pinion less curvature, which would cause tne curve gm to cross the 
curve hn, giving an impossible case. Therefore, if the intermediate of 
the pin%n is gnater than that of the annulary the addon is impossible. 
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144. Low-numbered Pinions, Cycloidal System. The obliquity of 
aetion in cycloidal gears is constantly varying; it diminishes during the 
approach, bccioiriing zero at the pitch point, and then increases during 
the recess. For wheels doing hcjavy work it has been found by experi¬ 
ence that the maximum obliciuity should not in general exceed 30®, giving 
a mean of 15°. When «iore than one pair of teeth are in contact, a high 
maximum is less objectionable. 

As the number of teeth in a wheel decreases, they necessarily b(‘coine 
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actibu and the sliding increase. Ii^om the 
liractic.-d rule is deduced that., foi?5uilhvorl' 
pinion of 11*88 than twelve teeth shof ht be/us 
It often becomes necessary, however, to use wheels ha\nng less than 
twelve tet'th, in light-running incchanism, su{:h as clockwork. Iji such 
eases a gi’eater obli<iuity may be admissible, and for light woi'k the flank- 
describing circle may bo made large. 

Let it be required to determine the possibility of using two equal 
pinions, having six teeth, with radial flanks, the arcs of approftih and 


preceding • ^(^siderations the 
: and geir^ machinery, no 
if it is pdfeible to tivoid it. 
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recess each equal to one-half the pitch, and to find the maximum angle 
of obliquity. Fig. 160 is the diagram for two such gears. The path of 
contact is to begin at a, the arcs ab, cb, and db each being equal to one- 
half the pitch; then the face of the pinion B must be long enough to be 
in contact with the flank of A at a. Drawing the line aef from a to the 
center of B, the distance de will be found to be loss than one-half the 
thickness of the tooth. Therefore the approach is possible. Since the 
pinions are alike, the recess is also possible. Tiie maximum angle of 
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obliquity in approach is the angle 0, and this may be found in degrees 
as follows. The arc he on th(i pitch circle A subtends an angle bgc efjual 
to one-half the pitch angle, the arc of approach being equal to om'-lialf 
the pitch; in this case the angle bgc is' 30°. The arc ab on the describ¬ 
ing circle C is equal to be and therefore subtends an angle bha, wliich is 
to the angle bgc inversely as the rild§ of the respective circles. In this 
case those radii are as 2 to 1, making tj^ angle bha equal to 60°. (It is 
important to notice* that the line gc does not pass through the point a 
excepting in the single case of a radial flank gear.) The angle d between 
the tangent and the chord ab will always bo one-half the angle ahb sub¬ 
tended by the arc ab. This gives the angle of obliquity 30°. Th('rcfore 
we finef^hat two pinions with six teeth and radial flanks will work with 
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arcs of approach and recess (‘ach (;qiial to ono-}>alf the pitch and with 
the maximum angle of oblitiuiiy of 30®. By allowing a greater angle of 
obliquity the teeth may be made a little longer and so give an arc of 
action greater than the pitch, which should be tlie case in practice. 

Two pinions with five teeth each will work wdth describing circles 
having diameters three-fifths the diameter of the pitch circles, and arcs 
of approacih and recess each ecpial to one-half the pitch, as shown by 



Fxn. IG2 


Fig. 1()1, the path of contact beginning at a, the arcs ab, db, and dfe eaxJi 
being expial to one-half the pitcfi.f Tlie action is’jiossible, siina' dc is 
less than one-half the thickness jLhe tooth. The maximum angle of 
obliquity is 30®, the angle bgc boiiig 36® and hha being of 36®, or 60®. 

Two pinions with four teeth each will just barxdy work with describ¬ 
ing circles having diameters five-eighths the diameti^r of tin* pitch circle, 
and with no backlash, the arcs of approach and rex'ess (vuii being one- 
half the pitch. Mg. 162 shows the diagram for this case, and tl^ teeth 
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are apparently pointed, which would be the case if de were just one-half 
the thickness of the tooth. To determine tlu' possibility of the atdioti 
the angle* dfc may bo ealculat(*d. It should not be. gi-(iater than 22^° 
to allow the desired arc of ap])roach. It will be found to be 22° 27' 19", 
so that, the action is just possible. The maximum angle* of obliepiity 
6 will be founei to be; 3(i°. 

A pinion with four tee;th will Avork with a jiinion having foui‘ teeth 
or any higher number, if the arc of action is not r(*(|uired to be greate*!- 
than the; pitch, the maximum angle; of obliejuit y, not exceeding 30°. 

The; reepiiremu'nts may be* veiy diflie*rei»^)l^ix the* abe)V(; in e;very 
Te‘spect; an arc e)f action gre'at(*r than the; pite’h Avould usually be; re*- 
quire;d; it might be de*sir('(l to have; the are* of ie*ce*ss givate;r than the 
arc of appre)ach; it itiight ne)t be aelmissible; t(» have so gre;at an angle* 
of obliquity or to have* the* t(*eth cut undejr so far as a describing circle; 
five-eighths the pitch cire*le wouUl require. The r(*sults would of course 
vsry with the; e’.enulitions inqiose'd. ^ 

145. Stepped Wheels. If a i)air of si)eir \vhe‘(*ls are'^;ut transversely 
into a number of plates, anel e'ach jdate is mtate'd through an angle*, 
equal to the jhtcli n.ngh* divideel by (he niimb(*r of plate's, ahead of the; 
adjacent plate, as shown in Fig. 103, the re.'sult Avill be a pair of tit^pped 
wheels. 'Phis dcA'ice has tlu* e'ffe'ct of incre.*asing tlie number of te'edh 

without eliminishing the'ir stit’e;ngt,h; and 
the numbe*r of contact ?^oints is also in- 
cre'ase'd. 'Plu* iippe'r figure shows a sect ion 
on the pitch line; AA. The action for 
('ach f)air of p!ate*s is the same as that for 
spill' whe*e*ls having the same; outlines. In 
jiraedicf; there is a limit to the reduction 
in I l ie thie;kne;ss of t he plates, depending 
on (he inateitj^il of the teeth and t he pres¬ 
sure to bo trarismitt(*d, since loo i liin plates would abrade*. The numbe*r 
of divisions is not often tnke'ii more than two or three;, and the t('(*th 
are thus epiite broad, 'Phese >vh(*els give a ve;ry smoot h anel (juie't action. 

146. Twisted Spur Gears. If, instead of eaitting the g(*ar iiuo a 
few plates, as shown in Fig. 163, the niimben-of seictions is infinite, the 
result is a ht*li<*al gear such a'; thht^sliown in Fig. 116. 

The tAvisting being uniform, the elements of the teeth become hclici'S, 
all having the sanu; lead, sn* §§ 161 and 162. The line of contact 
betw(;en tAVO teeth Avill havi; a helical form, but Avill not be a triu; helix; 
the projection of this l»;lix on a plant; perpendicular to the axis will be 
the ordinary path of contact. It can (;asily be seen that the common 
normal‘lit any point of contact can in no case lie in the plane of rota- 
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tion, but will make an angle with it. The line of action then can in 
g(^neral have three components; 1° A component producing rotation, 
perpendicular to the plane of tla^ axes; 2° A component of side pressure, 
parallel to the line of centers; 3° A component of end pressure parallel 
to the axes. 'I’lic end pressure Jiiay be neutralized as explained in 
§147. 

147. Herring-bone Gears. A gear like that shown in Fig. 117, 
known as a h(;rring-l)one gear, is equivalent to two hcdical gears, otk' 
having a right-hand l^jjjlix and the oth(;r a left-hand helix. •Th(‘ use f f 
a pair of gears of thiSt^fci^climinates the end 
thrust on the shaft referred to in the preceding 
paragiaph. 

x48. Sliding Friction Eliminated. In l*'ig. 

104, which represents a Iransvei’se se< tion uf a 
pair of twisted wheels, suppose the original tooth 
outlines to have|)cen those shown ^ottetl. 'riieii 
cut away the faces as shown by full lines liaving 
the mnv faces tangent to the olil ones at the 
pitch point c; propc'r contact is lost except that 
at c for the section shown, but by twisting the wheels this contact can 
be made t,o travel along the common element of the pitch cylindoi-s 
through c fi’om one side of th(i wheel to th(‘ other. A simple con¬ 
struction to use in this case is to make the Hanks of the whe»*ls radial 
and the fac(‘s semicircles tangent to tlie flanks. The action here is 






pur(‘ly rolling and is very smooth and noiseless; 
but for heavj'- work it is best to use the common 
forms of t(‘eth with sliding action, so that the 
pressure may be distributed over a line instead 
of acting at a point. 

^9. Pin Gearing. In this form of gearing 
the t(‘eth of one wheel consist of cylindrical 
l)ins, and those of the other of surfaces parallel 
to cycloidal surfaces, from which they are 
derived. 



In Fig. 105 let 0 \ and (h be the centers of 
the pitch firckis whose circumferences arc' di- 


Eio. 16.5 videcl into equal parts, as ce and c</. Now if 

we .suppose the wheels to turn on thc'ir axes, 
and to be in rolling contact at c, the point e of the wheel oi will trace 
the epicycloid gp on the plane of the wheel o^, and merely a point c 
upon the plane of oi. Let c/ be a curve similar to gr and imagine a pin 
of no sensible diameter — a rigid material line — to be fi.xed at^iii the 
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upper wheel. Then, if the lower one tiu^n to the right, it will drive the 
pin before it with a constant velocity ratio, the action ending at e if 
the driving curve bo terminated at / as shown. 

If the pins be made of a sensible diameter, the outlines of the teeth 
upon the other wheel are curves parallel to the original epicycloids, as 
shown in Fig. 106. The diameter of the pins is usually made about 
equal to the thickness of the tooth, the radius being, therefore, about \ 

the pitch arc. This rule is, however, not 
imperative, as the pij^| ; are often made con¬ 
siderably smaller. 

(.^(‘arance for tin* pin is provided by forming 
the root of the tooth with a semicircle of a 
radius equal to tliat of the pin, the center being 
inside of th(^ pitch circle an amount equal to 
the clearance required. 

I’he pins ^arc ordinarily supported at each 
t;nd, two discs being fixed upon the shaft for 
the purpose, thus making what is called a 
lantern wheel or pinion. 

In wheel work of this kind the action is 
almost wholly confined to one side of the line 
of centers. In the elementary forrh (Fig. 165) 
the action is wholly on one side, and receding, since it cannot begin until 
the pin reaches c (if 02 drives), and ceases at e; if Oi is considered the 
driver, actioii begins at c, ends at c, and is wholly approaching. As 
approaching action is injurious, pin g(,'aring is not adapted for use where 
the same wheel has both to drive and to follovr; the i)ins are tiiereforc 
always given to the follower, and the teeth to the driver. 

When the pin has a sensible diameter, the tooth is shortened and 
its thickness is decreased; the line of action’s also shortened at. c, Fig. 
166, and, instead of beginning at c, will begin at a point, where t he 
normal to the original tooth curve, through the 
center of the pin, first comes in contact with 
the derived curve mf. This normal’s end will 
not fall at c, hut at a point on tin; arc ce beyond, 
on account of a property of the curvc^arallel to 
an epicycloid. The pai’allcl to the epicycloid is 
shown in Fig. 167, cp being the given epicy¬ 
cloid. The curve may be found by drawing 
a seri&s of arcs .s.s with a radius equal to the normal distance between 
the curves, and with the centers on cp. The parallel curve first 
passes ^fcelow the pitch curve cm and then rises, after forming a cusp. 
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and cuts away the first part drawn: this is more clearly shown 
somewhat exaggerated at mno. Hence the part w'hich would act on 
the pin when its center is at c is cut away, and, for the same epicycloid, 
the gi'eater the diameter of the pin the more this cutting away. In 
Fig. 160 the pin e is just quitting contact with the tooth at i while c is 
at the pitch point, and, according to the above property of the parallel 
to the epicycloid, is not yet in contact with the tooth m. Strictly speak¬ 
ing, then, the case shown is not a desirable one, as the tooth should 
not cease contact at i until jn bi'gins its action. The above eiTor is 
practically so small !A??\|ji^has boon disrcigarded, especially for rough 
work. 

'IIk* following method may bo used in determining a limiting case 
i'i pin gt^aring: 

If the pitch arc = eg is assumed fFig. 168), the greatest possible 
height of tooth is determined by the intersection of the front and back 
of the tootli at p; and if this height 
is taken, actio A will begin at c and 
end at h, the point in the upper 
pitch circle through which p passes. 

No\^ if p falls upon the pitcih circle 
ceh, we should have a limiting case 
for a pin of no sensible diameter. 

If the pin has a sensible diameter 
and the pitch arc eg = cc is assigned, 
biswt eg with the line 02 P and draw 
cc intersecting Oip in k; assume a 
r.'idius for the pin less than ek and 
draw the deriv(xi curve to cut (hp 
in j, which will be the point of the 
tooth. Through j drawnormal 
1,0 the epicycloid, cutti^ it at s; 
ihrough s d('scribc an arc about 02 
ciitiing the upper pitch circle at <, 
tlu’^jKJsition of the center of the pin at 
the end of its action. Draw the outline mf of the next working tooth, 
find the point m at the cusp of th# curve parallel to the epicycloid, and 
draw the normal mu; m is the. lowest possible working j;)oint of the 
tooth. Through ?i describe an arc about 02 cutting the original path 
of contact in r,-which is the point that n must reach before the tooth will 
be in contact with the pin, or is the ix)int that ri must reach before the 
common normal to the pin and tooth curve passes through the pitch 
point. # 
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Now action begins when the axis of the pin is at r and ends at t; if 
rt = ce, W(‘ have an exact limiting case and the lussumed radius of the 
pin is a maximum; if rt < cr, th(' radius is loo gi-eat; but if rt > cc, 
the case is practical To gel the (‘xaet limit, a proc(‘ss of trial and eiTOr 
should be resortc'd to. When the pin is a point the methods usixl in 
cycloidal gearing may be applit'd; the coiTection for a pin of sensible 
diameti'r can then bi' made by ai)plying the method of Kig. 1()8. 

160. Pin Gearing: Wheel and Rack. As the i)ins are always given 
to the follawer, two cases aiise, 

1° Rack drwci<, giving tla* i)iji-wh(‘el an<i,|jji^t, Fig. 169. Ihav tln^ 
original tooth is bounded b,\' cycloids generated by the pitch circh' of 
the wheel. 

2® Wheel drives, giving tlie pin-rack and wheel. lien? (Fig. 170) tlie 
original tooth outline is the involute of th(‘ wlu'el’.s pitch circle. 

161. Inside Pin Gearing. Heni also there are two cases. 

1® Pinion drives (Fig. 171). Th(‘ original tooth outlines will be inter¬ 
nal epicycloids a(‘nerat('d by rolling the pit.ch circle^of the annular 
wheel on tin- DinioTi’s pitch circh'. 

2® Annular irheel driven (Fig. 172). Here the original tooth outline is 
the hyix)c>'cloi(i (raced by rolling the pinion’s pitch circle in the wlietFs 
circle. 

Path of Contact, In the elementary form of tooth (Fig. 165) the path 
of contact is on the circumference of the i)itch circhi of tlie follow'er oi. 
as c£. \\'hen a pin is iisc'd its cenliT always lies in tliis circumference, 
and its point of contact may be found by layijig olT a distance ei (xjiial 
to the radius of tlu* i)in (Fig. (73) on (h(^ common normal. Drawing a 
numbiT of tlu'se common normals, all of which most. pa«s through the 
pitch point c, and haying off the radius of tlui pin ei on each, we have 
the path of contact ci known as tin' linint^on. 

162. Double-point Gearing. 'Phis forn^pf gearing, shown in Fig. 
174, gives very smooth actimi where not. niucli forces is to b(', t.rans- 
mitted. The pitch (tirch'S ari' hen* taken as the de.scribing circles; the 
face eg of the jiinion Oi is generatixl by rolling the pitch circh* o-i on that 
of 0\, and the face cj is generated by rolling the pitch circle oi on o-i. 
If 0 \ is considered the driviT, action begins at d, the point c of oi sliding 
down the face cf whih' c travi'ls frofu^ to c. In the receding action tlu* 
point c of the tooth of is acted on by the face eg while c rnovtjs from 
c to e. The spaces must Ixi so made as to clear the teeth. Tliis com¬ 
bination reduces friction to a minimum and gives t he obliquity of action 
less than in any casi* exci'pt pin gearing, but the teeth are much under¬ 
cut and weakened by the clenring curves, and if much force is to be 
transmfk.(,ed the liiu; of contact will .soon be worn away. 
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163. Bevel Gears. A pair of bevel gears bears the same relation 
to a pair of rolling cones that a pair of spur geara bears to rolling cylin¬ 
ders. 

Fig. 17.5 shows two bevel gears meshing together, the contact in this 
case being internal. Here, as in the case of spur gears, the angular 
speeds are inversely proportional to the number of teeth. 

The pitch circle of a bevel gear is the bast; of the cone whicli the gear 
replaces. 

164. To, Draw the Blanks for a Pair of Bevel Gears. A convenient 
way to gain an understanding of the princiaj^i bevel gear design will 

be to study the method of 
drawing the blanks from 
wliieh a pair of bevel goal’s is 
to be cut. Lot it be assumed 
that a ()-pitch, 12-tooth gear 
is to mesh with an 18-tooth 
gear, the ax^s to intersect at 
90°. Start with the point O, 
Fig. 176, as the point of inter¬ 
sect ion of the two axes. 1 Iraw 
OS and OSi making the re¬ 
quired angle (in this case 90°). 
I'hese are the center lines of 
the shafts. Assume that the 
12-tooth gear is to be on Su 
Call t his gear A and the 18- 
tooth gear B. Since A has 
12 teeth and is 6-pitch, its 
pitch diameter, that Ls, the 
^rncter of the base of its 
^ch cone, is 12 6 or 2 in. 

In like manner the jiitch 
diamet(;r of B is 18 6 or 

3 in. From 0 measun; along 
OSi a distance OM equal to the pitch radius of B (1| in.) and, through 
M, thus found, draw a line perpontli^lar to OSi. In like manner make 
ON (K^ual to the pitch radius of A and draw a line tlirough N perpen¬ 
dicular to OS. These lines inttirsect at K. Make MR equal to MK and 
NT equal to NK. From R, K, and T draw lines to 0. Then the tri¬ 
angle ORK is the projection of tht; “ pitch cone " of the gear A and OTK 
that of the “pitch cone” of B. It will be noiiftfKl that the above coti- 
structiAt is the equivalent of tliat for rolling cones. Next, draw through 
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K a line perpendicular to OK meeting OSi at P and OS at H (not shown). 
Draw a lino from H through T and from P through R. The cone rtip- 
resonted by the triangle THK is called the normal com of the gear B 
and that represented by the triangle RPK is called the normal cone of A. 
These cones will be explained more in d(*tail later. 

From R lay off Ra equal to the addendum that is to be used on gear 
A (this is determined by the same considerations that would be used 
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for the addendum on a spur gearll Along lay off Rr equal to tlu* 
desired length of gear face (§113). Through r draw a line parallel to 
PR. From a draw a liiie to 0 meeting this paralh'l at «i. Through a 
draw a line pjirallel to RK moisting PKH at a^. From draw a lino 
parallel to RK meeting a line draw'ii from ao to 0 at. Lay off alor)g 
RP the distance Rd equal to the dedendum and draAv from d toAvanl 0 
meeting air at du Find dz and da in the same way that oa an<?a 3 Avere 
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found. Ttie figure addini i(‘i)icsonl.s the tootJi. The dimensions of the 
hub and tJie p<j.silion of lines FG and FiGi anti of the corresponding 
lines on the otht'r gt'ar may be made anything that is desirable. 

It will appear from this construction that bevel gears must be laid 
out in pairs. 

166. Teeth for Bevel Gears. The geai’ blanks, as laid out in § 154, 
are of the form ordinarily used, and thi? information th(;re given is per¬ 
haps all tliat a [)erson making use of bevd gc'ars would need. In order 
to understand tin; principles untk'rlying tlu? aclioji of the gears it may 
be desirable to notice the relation b(‘twee«aii^ff‘l gear teeth and spur 
gear te«*th. 

In the distaission on the te(!th of spur whet^ls, the motions were* con- 
sulereil as taking plac(' in tin' plain; of the paper, and lines inst(‘ad of 
surfaces have l^een tk'alt with. But the pitch ami describing curves, 
and also tin' tooth outliin's, ari' but traces of surfaces acting in straight- 
line contact, and having tlu'ir el<'nn*nts perpendicular to the plain; of 
ihe paper. In hovel gearing tin* pilrfi surfaces are cotn^s, and the teeth 
are in contact nhug utrni^iht linos, but these liin's an; perjiendicular to 
a splierical surface, and all of tln'ui pass thi'ough the center of tin; 
sphen;, which is at the jwint of intersection of the axi's of the two ^iteh 
cones. 

In Fig. 177, O is the center of tin' sphere, AOC and BfJC are the pitch 
cones. If th(' teeth are involute, cones such as MOy and KOL arc the 

base; com;s, and the tei'th may lx; thought 
of as being generated by a plain' rolling 
on each of tin; base cones, tin; ('inls of the 
ti'clh lying on the surface of tin' sphere, 
and the tooth outlines bi'ing thi' curves 
traced on t,his surface by the plane which 
gi'iierates thc^eth. 

156. Drav^g the Teeth on Bevel 
Gears. Tredgold’s Approximation. Since 
nanow zones of the sphere, Fig. 177, 
iK'ar the circles BC and AC, will neilrly 
]/,(; 1/7 coincide'with cones whose elements tiro 

tungt;Tl|f'at B, C and M, the coni(;al sur¬ 
faces may be substituti'd for tin- spherical ones without serious error, 
and as the tooth outlines an* always comparatively short they rntiy 
be supposed to lie on the coin's. Thf'se coin's BBC and AIIC arc called 
tin; normal cones and corn*s])ond to the coin;s RBK and 7V//C of Fig. 
17G. Fig. 178 shows the method of drawing the tooth out lines. It will 
be iiotiti^ that the developments of portions of the normal contsj are 




(JEARH AND GEAR TEETH 


147 


troated as if tlu^y were pitch circles of spur gevars and the tectli arc 
drawn on th(‘ development exactly as if they were teeth of spur gears, 
and are then transferred to the other views by ordinary principli's of 
projection. 

167. Crown Gears. When the angle at the apex t)f the cone of oik' 
of a pair of bevel gears is 180® the pitch cone becomes a flat disk and 
the normal cone becomes a cylinder. Such a gear is analagous to a 
rack bent in the' form of a circle. The te(‘th taper inward, elements of 



the teeth converging towar<l the c(‘nter of the disk. Another bevel of 
any iminlxT of teeth may be designed to run with a crown gear but the 
angle between the axes will depend upon the ratio of the teeth. Fig. 
170 shows such a pair of geai-s. ■ 

168. Twisted Bevel Gears, yitb teeth of bevel gears may be 
twisted in the same manner as the teeth of spur gears (see § 146). Fig. 
122 show.s a pair of twisted bevi'Is such as u.sod for the drivt* to the 
differential of an automobile. The gears from which the drawing wtis 
made were from a Picrct' Arrow touring car. 

169. Skew Bevels. Fig. 12.3 shows a pair of skew bevel gears iiseil 
in cotton machiiu'ry. Here the shafts are at right angles, nfti-inler- 
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sooting, but passing so near each other that ordinary hdical gears can¬ 
not be us(h1. 

The pitcli surfaces of these gears are hyporb(»loids of revolution, and 
the teeth are in contact along straight lines. Th(i angular speeds are 
inversely as the ])itch diameters. 

160. Screw Gearing. This class of gearing is used to connect non¬ 
parallel and non-intersecting shafts and includes the two types known 
as worm and whed and helical gears. The latter when used for this 
purpose ary often, but inaccurately, called spird^gears. In the helic-al 

g(ttrftno the elementary forms 
of worm and wheel the teeth 
have point, contact. The sp('(‘( I 
ratio is not necessarily in the 
irivtiiise ratio of the diameters. 
The action of gears of this class 
is similar to the action of a 
serc'w and mil which will be 
considered in a later chapter. 
Tliis is particularly evident in 
the ciusc of the worm and 
wheel. The distinction be¬ 
tween the worm add wliecl and 
the helical goius, however, is 
not a very clear one, being 
largely a matter of speed ratio 
and manner of forming the 
ti'eth. Both may properly be 
considered here as helical 
geare and the following dis- 
ciij^on will apply to both 
idered in Chapter VIII Jis a screw 


Fk;, 179 

The worm and whirl will < 
and nut. 

161. The Helix; Its Construction and Properties. A helix is a 
curve wound around the outside of a cylinder or cone adv'uncing uni¬ 
formly along the axis as it winds around. The nature of the curve 
and the method of drawing it uTa.| be understood from a study of 
Fig. 180. 

The angle of a helix is the angle which a straight line tiingcnt to the 
helix at any point makes with an clement of the cylinder. This angle 
is the same for all points on a cylindrical helix. Two helices arc said 
to be normal to each other when their tangents tlrawn at the i)oint 
where 1*0 helices intersect arc' perpendicular to each other. 
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When two parallel lines wiiid. around a cylinder forniing parallel 
helices, fis in Fig. 181, the result would be called a double' helix; three 
lines would give a triple helix, and so on. If llii' helix slope's as in Fig. 



180 it is calhid if right-hand helix* if it .slopes in the reverse diiection 
it is called a left-hand helix. 

162. Lead. Axial Pitch. The distance L, Figs. 180 and 181, by 
which a helix advances along the axis of the cylinder for one turn 
around is called the lead. The distance A, measured parallel to the 
axis, from one point on a helix to the corresponding point on the 
next turn of a single helix, or to the corresponding point on the next 
helix in the case of a mult iple helix, is called 
the axial pitch. In the case of a single helix 
this is equal to the lead; in the case of a 
double helix the axial pitch is equal to one- 
half the lead; in a triple helix, one-third 
of the lead, and so on. 

163. Normal Pitch, '’^c distance P, 
between a point on a helnt to the corre¬ 
sponding point on the next turn of a single 
helix or the corresponding point on the 
next helix in the case of a multiple helix, measured along the normal to 
the Ju’b'T, is called the normal pitch.. 

164. Helical Gears arc gears wb|kse teeth wind partially around the 
pitch cylinders. A pair of such gears may be used to connect paralh'l 
shafts, as shown in Fig. 116, or non-parallel shafts, which is the case 
now under discussion. The method of forming the teeth and (he 
action of the teeth differ in the two cases.* The definitions givc'n 

* The twisted gears (Fig. 116) have line contact between teeth while the helical 
gears in general have point contact, or multiple point contact. ^ 
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abov^ apply to the* teeth ofi^lielical gears,^[n order that two helical 
gears may work together'they must, have'^e same normal pitch , and 
the angle between the slia^.pust bo Stich that the tangent to the pitch 
helices of the two g(‘ars coincide at the pitch point. From this it follows 



P'ig. 182 shows the pitch cylinders of a pair of helical gears. The 
line is th(‘ common tangent to the tooth at the point of contact of 




GEAllA'Al^: 
■Jr 


% 


j\M TEETH 


151 


I ^ 


the pitch cylinders (that pitch poij^t). B is therefore the angle 

of the helix of tlie driver and Bi the of fhe helix of the driven 

gear. Here the angl(‘ 0 bt'iween th(**%«ro shafts is eiiual to 180° 
B,). 

Fig. 183 is the development of the siiifaci's of the two pitch cyliu- 
shown 111 Fig. 182, the slanting hues being the development of 
iinagiaary helices at the ceiiteiN of the teetli on the pitch cylindei*s. 
The iKTpi'iidicular distance' be'lwei'ii tln*se liiK's is the normal pitch F 
(the same in both ge^ijk^The distance F and (\ betwceir the points 
()1 interst'ction of two ii^Jfcent tei'th with tlu' ends of the cylinder 
[BB and FiFi) are the circular pitches of the respective' gi'ars. It will 
[)«' noticeel that the circular pitchers of the' two ge*ars are not alike but 
(h'peiid upon the hi'hx angle's. 

It should be iiotice'd that it the* i*! njuri lietwe'e'ii the angle's 0 andFis 
such that B\ be'comes 0 the' drive'll ge'ar becomes like an ordinary spur 
ge*ar. Hence a jieipe'rl^ l(jrme*el wipni may be* made tei elrive a spii'’ gear 
it tlie'ir axi's are set at the jnope'r angle' with e'ach othe'r. 

166. Relation between the Circular Pitches of a Pair of Helical 
Gears. Rcfe'rring still to Fig. 183 


Therefore', 


C - 

(\ _ 
C 


I* P 

,, and Fi = - 

ce)s B ('OS Bi 

cos B 
cos B\ 


(52) 


166. Relation between Numbers of Teeth in a Pair of Helical 
Gears. Let T represent the miinlier of te'oth in the drive'!' (Fig. 183) 
anel Ti the numbe'r of tcH'th in Ihe* diive'n ge'.ar. 


Tile'll 



tD 

c 


and Ti = 


tI}\ 

i\ 


ttDi 


Tlu'refore 


_ il _ 

T ~ tJ) DC\' 
'C 


But from equation (52) 

Cl ‘.cos /> 


Therefore 


3rj D\ e*o ^ Bi 

'T~ I) cos B ' 


(53) 


That is, the nimiher'i of teeth are directly ai> the product of tin pitc^ diam¬ 
eters multiplied by the cosines of the helix anyU s. 
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167. Speed Ratio of Helical Gears. As in the case of spur gears, 
the angular speeds of a pair ofj^it'lical gc^ars arf^ inversely as the numbers 
of teeth. If N represents the angular speed of the driver, and N\ of the 
driven gear, it follows from equation (53) that 


_ I ) cos B 
N bi cos Bi 


( 54 ) 



CHAPTER VI 


WHEELS IN TRAINS 


168. Train of Whee4||^A Imin of whocjls is n s(‘rios of loHinp; cylin¬ 
ders or coTios, Rears, ])ullc^NfL- oHuu-similar devices servitiR to transmit 
power from one shaft to another. 

'The examples of rolliiiR cylinders, gears, etc., which have been dis¬ 
cussed in earlier chapters ar<' really wlu^el trains ('a,ch involv'ing only 
one pair of wheels. In Fig. 184 D i - a. gcai ia.st to shaft, A. E is a gc'ar 
fast to shaft B and rnesliing with D. F is another gear also fa,st to shaft 
B and im'sliing |With the gear 
which IS fast to shaft C. If now 
th(' shaft A begins to turn, D will 
turn with it, and, therefore, caust) 

E t.()*turn. Since L'is fast to the 
shaft B the latter will turn with E. 

Clear F will fhen turn at the same 
angular speed as E and will (;au.se G 
to turn, causing the shaft C to turn 
with it. That is, D driv(‘s E, and F, 
turning with E, drives G. 

4’'he above is an examph^ of a 
simple train of ^ears consisting of 
two pairs. r''ig. ISo shows an 
arrangement of pulleys si^p^ar in 
action 1b the gears shown in Fig. 

184. II is a pulley on the shaft li 
Ix'lled to the pulley J on shaft S. On the same shaf is another pulley 
K belted to the pulley L on shaft T. 

Fig. 18G shows a train of wheels involving both g(‘ars and pulleys. 
In this case D is a gear on shaft A,§ileshing with and driving the gear 
PJ on shaft B. On the same shaft is pulley K, beltcxi to the [>ulley L on 
shaft C, 

169. Driving Wheel and Driven Wheel. llehjrring again to Fig. 
184, the gear D by its rotation causes E to turn; therefon‘, P may b<! 
called the driver or driving wheel, and E the driven wheel. Siniilarli F, 
turning with E, i.s the driver for the wheel G. Hence, in any train such 



]m< 184 
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as horo shown, consist iiig of t hroe axes with two pairs of wheels, two of 
the wh(‘(‘ls are drivers and two are driven wheels. 

170. Idle Wheel. In Fig. 187, gear I) drives E, which in turn 
drives F. E is, therefore, both a driven and a driving wheel. Such 
a wheel is called an idle wheel. 

171. Train Value (Speed Ratio). T’lie ratio of the angular speed 
of the hist wh(‘('l of a train to tlni angular siK'cd of the first wheel of the 




Fui. isr» 


same train is calU'd tlie vahie <tj the train, or train value, and will be rep- 
re.senied by e. For example, if the' .'^haft -t in I'^ig. ISi makf^s 25 r.p.in., 
and the sizes of th(‘ s('V(“ral gi'jus aie such that shaft C makes 150 r.p.ni., 



the value of the train avouM Ixi = 0 == c. An inspection of the 
same figure will show that if A turns right handed, B will turn left 
handed anri C will turn right haiah'd. The ilin'ction, then, of C is the 
saine*as that of A. The value of this train is then said to be positive, 
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and will be indicated by putting a + nign in front of the number which 
indicates its value. If the number of wlieels involved is such that the 
last shaft turns in the opposite direction from (he first shaft, the value 
of the train will be said to be negative, wliich fad will be indicated by 
a — sign in front of the mmiber indicating I Ik^ Irain value. 

172. Calculation of Speeds. L(;t 
it be assumed that the gears in 
Fig. 184 have teeth as follows: 

D, 100 teeth F, lif^ ^ee th 

K, 50 teeth (1, 2I^e(dh 

It will also be assum(?<l that shaft 
A .nakos 25 r.p.Di. and it is r(‘- 
quired to find the spetxl of ('. 

Since the speed of B is to th(' 
speed of A as the teeth in D are to the Kicth in F, llu' rc'volutions of B 
will be eipial to 2?) X since the spe(‘(I of f/ is to the speed of B 

as the teeth in F are to the tec'th in G, tlie spec'd of T = 25 X 
X = 250. Expressing this as a forimila, 

*The speed of the last shaft is equal to tlw speed of the first shaft 
^ the product of the teeth of all the drirers 

the product of th( teeth of all the driee.n teheels '' ' 



In the case of pulleys in Fig. 185 the principle is the same, except 
that diameters are ustnl instead of nunibei-s of te(‘th. Suppose that 
pulley H is 24 ins. in diameter, J Sins, in diameter, K 3f) ins, in dianu'ter, 
and L 12 ins. in diameter, then the speed of T will bi* equal to the speed 
24 X 36 

of R X ;— jTr; that is, in the case of a train of pulleys: 

o X 12 


' The speed of the last shaft is^ual to the speed of the first shaft 
^ the product of Ike diameters of <dl the drieinq pulleys 
the product of the diameters of all the driven pulUajs' 


(56) 


in*a train consisting of a combination of gears and pulleys, as in Fig, 

186, 

The speed of the last shaft is cgwd to tLe speed of the first shaft 

^ the pnxluctof d iameters and num bers o f teeth of all the driving wheels .. 
the product of diameters and numbers of teeth of the driven wheels 


An idle wheel such as gear E in Fig. 187 has no effect on the speetl 
ratio, but does cause a change in the direction. This can be seen from 
the following calculation: Let the wheel D have 100 teeth; E 75^oeth, 
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and F‘2r) teoth, then the speed of shaft C is wiual to the speed 
of A X Vb® X th(^n, which is the nnmher of teeth in the idle 

wheel, appears in both numerator and (Uniominator and cancels out, 

and therefore th(i spe(.*tl of C be¬ 
comes the speed of A X 

173. Driving and Driven Gears 
having Coincident Axes. Fig. 188 
is a diagram of the back gear 
aiTaiigomcnti for a simple* cone 
pullai^ead-stock on an engiia* 
latlKi. It illustrates the principles 
involved when two wheels, whose 
axes coincide, are connected l)y a 
train oi wheels through an inter¬ 
mediate shaft, the axis of (Ik* 
intermediate shaft being parallel 
to the axis of the* connecUHl whe(‘ls. F is the contl pulley, A is a 
gear intogrrd with P and mesliing wnth gear B. C is another gear on 
the .sjime shaft with B, both B and C being fast to the shaft. C meslies 
with gear D on the spindle S. From K(( 55. 

Speed of spindle — spei’d of cone pulley 

"re(*th in .1 X To(>th in C 
'^Peeth in B X Teeth in D 

Since, hotvever, the shaft B is parallel to S the gears must be so pro¬ 
portioned that tile fiitidi radius of A -f- pitcli radius of B equals pitch 
radius of C + pitcli radius of D. Consequeru,iy, if the pitches of the 
two pairs are to be in some d<*finiio ratio tli(*re must lx; a corresponding 
relation between the sum of tin* teeth in A and B and the sum of the 
teoth in C and D. 



174. Frequency of Contact between Teeth: Hunting Cog. (liven 


Leei 

two gears (7i and Cra wtli t(‘<’th Ti and 7^a ffaving the greatest common 
tlivisor tt. 

Then lot T L ■ nil and Tg = at^. 


Therefore, 


L urns (ri 7\ ti 


Tunis (i-i 


Ti 


aq /i 


Contact betwei'ii t hesann* pair of t»x|[h will lake place after the passage of 
a number of teoth equal to the least common multiple of Ti and Tz =Qi\h- 
Therefore, before the same pair of tixith come in contact again after 
having been m contact, 

the turns of (ri = --- = U, 
all 
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Therefore the smaller the numbers h and fc, which express the velocity 
ratio of the two axes, the more frequently will the same pair of teeth be 
in contact. 

Assume t he velocity of ratio of two axes to be nearly as 5 to 2. Now, 
if Ti = 80 and Ta = 32, 


3’2 32 


5 

2 


exjictly, 


and the same pair of teeth will be in contact after five turns of Ta or 
two lurns of Ti. ^ 

T 81 5 * 

If Ti is chang(‘<l to Sl^Shen = oo = 5’ very nearly, the angular 

i 2 O J ^ 


velocity ratio being scarcely distinguishable from what it was originally. 
lAit now the same teeth will be in contact only after. 81 turns of or 
32 turns of Ti. 

The insert ion of a tooth in this manner pr(W(;nt.s contact betweem the 
same pair of tet^-h too ofttm, and^nsures greater regularity in the wear 
of the wheels. The tooth inserted is called a hunting cog, because a 
pair of teeth, after being once in c•ontae^ gi’adually separate and then 
approach by one tooth in (‘ach turn, and thus apjiear to hunt each other 
as tlley go round. In cast gears, which will be mort) or less imperfect, 
it would be much better if an imi)erfection on any tooth could distribute 
its elTect. oV(M’ many tc(ith rath(;r than that all the w'oar due to such 
imp(;rfection should come always upon the same tooth. This result is 
most completely obtained when the numbers of teeth on the two gears 
ar(? prime to each oth(T, as above, when T\ and Tz were 81 and 32 
i‘(;spectiv(‘ly. 

176. Example of Wheels in Trains. The following paragraphs will 
give a f('W examples of whei‘Is in trains. These are s(^lected bceyuse 
they serve to ilfustrate the principles involved, and not because a knowl¬ 
edge of these particular tr^s is of special importance. 

176. Clockwork. A fa^liar example of the employment of wheels 
in trains is seen in clockwork. Fig. 189 represents the trains of a com¬ 
mon clock; the numbers near the different whe(‘ls denote the number 
of tfeeth on the wheels near which they are placed. 

The verge or anchor O vibrates with the pendulum P, and if the 
pendulum vibrates once per secon(|,'^t will let one tooth of the ('scape- 
wh('el pass for every double vibratioti, or cv(n’.y two seconds. 7’hus the 
shaft A will revolve once per minute', and is suited to carry the second 
hand jS. 

The value of the train between the axes A and C is 
8X8 1 , , 

~ 60 X 64 ~ 60’ shaft C revolves once for sixty revoliHions of 
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A ; it is therefort! suited t,o cany the niinutc hand M. The hour hand 
H is also placed on this shaft C, but is attached to the loose wheel F by- 
means of a hollow hub. This wheel is connected to the shaft C by 
means of a train and intermediat e shaft E. 'Fhe value of this train is 
turns // _ 28 X 8 _ 1 
turns M “ 42 x" fi4 ~ 12' 

Th(‘ drum i), on which the W('i}i:ht-cord is wound, makes one revolu¬ 
tion for every tw(!lv<' of llu* minute hand M, Jind thus revolves twice 

euch day. Then, if .the clock is to run 
ei^lit days, t must be large c'nough 

for sixteen coils of the cord. The drum 
is connected to the wlu^el G l)y means of 
a ratchet and (;lick, so that the cord can 
b(' wound upon the drum without turning 
the wh(M‘l. 

(Uock (rains arc^ usually arranged as 
shown in*ilu; figure, the wiJ*els bi'ing placed 
on shafts, oftiai called “arbors,” whose 
iKvirings are arranged in two parallel plates 
which are kept, the propcT distance apart 
by shoukkired pillars (not shown) placed 
at tht‘ corners of the plates. • When the 
;irbor F is placed outsi(k‘, as shown, a 
s('j9ariite bearing is provided for its outer 
(‘lal. 

177. Planer Drive. Fig. 190 shows a 
portion of the gear train for driving the 
platen on a piaiuir. The shaft S is driven 
by a motor or by a counter-shaft above 
the machine. ^ drives Si by the pair of 
gems A and On iSi are two gears F 
mid I) which are fast to each other and 
slid(‘ on a long key on the shaft so that 
they are obliged to turn with the shaft, but 
may be moved along it by nutans of a 
shiftingl^evice fitting into the gi’oove V. 
A similarly an*angcd pair of sliding gears 
H and K are on the shaft S-i. Gears B 
and C are permanently attached to *Si and 
F and G to *SV Tlu' shaft S-> has a pulley on the end (not shown in 
the diagram) which di-ives, by a belt, to the mechanism operating the 
table. 4”he object of the system of gears shown in the diagram is to 


96t 

Fio. IS!) 


H 


-F 
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enable the operator to obtain foiu- different speeds for S 2 , and therefore 
for the platen, for one speed of S. 

With H and K in the position shown and with D and IH to the left so 
that E meshes with F as shown, E is driving F and the train value 
betwfien »S and Si is 

Teeth A X Teeth E 
Teeth JTx 

All th(‘ otlwu' gears arc turning idle. If 1) find E are moved to the right 



Fi«i. 190 


will be out of mesh with F and the whole system will Ix' in neutral posi¬ 
tion. If D anti E are movl^stiU further to the right D will mesh witli 

A I) 

G and tht‘ train from S to N 2 is X 

rS fr 


N^)w, putting I) and E back into neutral, slide II and K to the right 

A B 

until K meshes with B and the train between S and Si is ^ X 7 ?- If 

I • ^ 

H and K are slid to the left H will*mesh with C and the train will be 


A C 
B ^ h' 


The levers which operate the two sliding units are interlocked in 
such a w'ay that one of the units must be in neutral position before the 
other can be moved to the right or left of neutral. • 
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178. Automobile Transmission. Fig. 101 is a diagram of the ar¬ 
rangement of the gears in a common typo of automobile transmission 
which allows three speeds forward and one reverse. 

The gear A is on the (md of a shnwe driven directly from the; motor. 
A turns freely on the end of the propeller shaft P. On the counter¬ 
shaft a are four gears, P, D, F, and G which are attached to each other 
and turn as a unit. The purpose of the sysl(‘iu of gears is to mak(‘ it 
possible for A, turning at a definite speed, to drive shaft P at three 



different speeds in the sam(‘ direction that A itself is turning, and at 
one speed ii» the direction oppositt^that of A. 

B is in mesh with A and the counter-shaft unit is turning in a direc¬ 
tion oppositti iliat of .1 at a sptHHl which is to tlie speed of A t^(|ual to 

iSjrin P ^ positions shown, the count('r- 

shaft unit is turning idle and the whole .system is in neutral. On the 
left enA of ^4 is the hub If which has teeth on its circumference. In 
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the right end of gear C is a cavity with spaces into which the teeth of 
M cjvn lock if C is moved to the right. C slid(‘s on a key, or keys, in shaft 
P so that when C turns P turns with it. If tla^ gear-shifting lever is 
moved to tin; proper position C will be pushed over M thus locking C 
to A and the shaft P will drivc'u at the same speed as A. This puts 
the transmission in “liigh." If (’ is pushed to the left of its present 
position it will mesh with D and (Ik'h 


Speed P _ Tec^th in A X Teeth inl> 
Spt'e!|fciL, Teeth iii B X Teeth in C 


This gives th(‘ “s(‘cond” or “inlermediate” spewed. If C is put in the 
position shown and tlu* shifting l('v<‘r moved so as to take hold of gear 


y' and move it to the right to nu'sh with /•’ 
the spe(‘d ratio will be 

Spe(‘d P _ Teeth in 4 X Tetdh in P 

Spe(‘d A T|etli in B X 'I\H‘t|jjn E 

This giv(‘s tlu^ “tliinr’ or “low” sjjeed. 
Pushing E to the left of its uei'ilral posi- 
tion.brings it into nu'sh with tlu* idh'r 1\ 
wliieli is driv(‘n from (/ giving a siuH'd 
ratio 

Spe<Ml P _ T('(‘th in A X 'i’eeth in O 

Spe('(Ll Teeth in B X T('eth in E 


K 


H - 

2-'i" 


'JJt 



/c^'A 



rs 

^ _ x' 


13V t 

i/t 

.r>t 

ft 

t 


—r* 


3 4" 


331 
331 
Ut 


Tie. 1!)2 


and since the comuietion Indwecai (} and 
E is through the idler, tlu- din'ction of -| 

E and therefore of P is o[)posit(‘ that' 
of A, giving tlu‘ ••reverse” drive. 

179. Cotton Card Train. Fig. lt)2 shows the train in a cotton card- 
ing-rnaehine. For the trqi|Pwe have tin* value 

funis A "17 20 2« ^ 33" “ 


Iiiihe machine the lap of cotton pa.ssing under the roll A is much drawn 
out in its passage through the machine, and it becomes necessary to 
solve lor the ratio of the surfact‘ sij^wls of the rolls B and 4. For this, 
sin<;(‘ the surface sp(‘('fl etpials 2 ir X turns X radius or turns X ir X 
diameter, 

s urface speed B _ turns B x diain. B 
surface spee:! 4 " turns 4 X diam. .1 ’ 


• speed B _ I 

surface speed A ~ ' ^ 2.23 


07.27, 
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180. Hoisting Machine TraW A spur gears is often used 

in rnachiiw^s for hoisting whore th(‘ pi'G^oni would be to find th(^ ratio 
of the weight lifted to the fore(? applied. In Fig. 193 th(i value of the 

turns B _ 21_ ^ __1_. 
turns vl KX) 84 16' 

J) = 15" and li — 1^ ft., 

spoi'd ir 1 15 _ 1 , 

speetTF^O ^ 30 ~ 3^2’ 

F “ .speed7~ “■ 32’ 

Fig. 19:5 ''vero .50 lbs., IF would be 1600 lbs. 

if I0.S.S (hie to friction werr neglected. 

181. Reduction Gear. Fig. 191, furnished by. th(‘ Fellows Gear 
.‘^haper (Jo., shoAvs a trnin of gcnirs consisting of a fiinion concentrie witli 
;in annular, with ilm'i' idl(“ gears, dliie gears in this c4s(! are hemng- 




train is 


bsf then, if 




182. Designing Gear Trains. No definite rules or formulas can be 
followed in designing a train of gears to have a certain train value. The 
procivss is mainly oiu^ of" cut and try ” tmtil tlui desired result is obtained. 
There hov ever. soini' general lines of attack which tnay be followed. 
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and which may best be uft^«P^|ood ^ studying certain typical prob¬ 
lems. If th(‘ value of the train Is choscui arbitrarily, it may bo found 
impossible to sel(‘<rt gears which will give exactIjr the value calhxl for. 



Vu-.. in.i 


Example 24. Let it Ijp rcquin'il to si'loct tho Roars for a train in which the last 
g(‘ar shall turn 19 times while th<‘ tirst, gear turns onoi', tho direction of rotation being 
the same. No gear is to have loss than 12 tooth nor more than iiCj ti*eth. 

Solution. Th(* first atofi in 
the "olutiori of this firohlom is 
the determination of tho^^B^ 
her of pairs of gears iif’oc’ssai^ 
to give a train value of 19 arul 
keep tho gears within tho limits 
of sizo speeiliod. If only ou<i 
pair wore used, making the 
driver as largo as allowed, that 
is, 90 toelh, and tin* driven 
gear as small as sjJlowod, that 
is, 12 teeth, the*lrain value 
would ho ,; or f). If a second 
driver of 00 teeth is made fast 

to tho 12 teeth gear, and this drives a .second gear of 12 lei'th, as shown in Fig. I fi, 
the train value heeomes X V'J - greater fhatt the a.ssigned value of 

19, therefore, two pairs of gears will be siifheient to obtain a value of 19 without 
exceeding tlu^spcoified limits of size. Having tluis determined the lunnln-r of gears 
nec:e.s.sarv, the next sti'p is the selection of the gi'ars tliemsHvi's to give the ('xact 
value of 19. 'Phis may be tried in several ways. P'ir-st, since two jiairs of gears are 

to be u.seil, the square root of 19 
may be taki'ii. This is approxi¬ 
mately 1.20. Tliis doi's not differ 
greatly from 4^. Noav 

X = 10 

I ^'4', 

Multiply both numerator .and 
♦h'noininator of the first fraction 
by 12, and of tlio .second fraction 
by 3 and the equation becomes 
X n = 19. 



5 a 
1 j 


Therefore, a train of gears as 
show'll in Fig. 190 will give (ht; required lj;aiti value of 19. If tlte directional relation 
were not correct an idler might be used. 


tj;ii 


Example 26. Let it bo required to find suitable gears to drive a shaft at 1 r.p.ni. 
from a shaft inakitig 600 r.p.m., using no gear of less than 24 teeth nor more than 90 
teeth. 

Solution. 'Phe train value in this csise is -.Jtr t’t- 

Since the smallest gear that can be used is 24 tei'tli and tlu' largest 00 teeth, the 
train value betw'een any gear and il.s driver cannot be h'ss than or 
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Thcn'forf \ must 1)(' imiUipliwl l)y itself a suffioiont number of times to obtain 
a final result less than- 1 ^*. Now, (1)“ == then 3 pail's of gears will not be enough. 
But (i)< -J j , which is beyond the spi'oified T-is, hence 4 pairs will be proper to use. 

The fourth root of is approximately or A- 

•>1 iU 


A train of geam for a trial might be in the ratio of 

V 3 3 3 :i 8 

id 10 io (.-•'j'' 10 10 id ^ 27‘ 


Multijilying itumevator and denominator tif each of tl 
the last term by 3 gives. 


;t three tcnn.s by 9 and of 


a < 

\UI 


V 2 7 V ' ^ V 
A A t)0 A 


54 


Th(*i) a (rain, such as shown in Mg. 197, fulfils llie re(juired conditions. 



Example 26. Where an error of :i certain amount is allowable, £i.s would very 

often be the case, thi' following method may be used to advantage. 

» 

7^ i/v) 

Let the value of the train be fit) ;md V = Tir ~ 

, Wirhi^ T repreaenl.s the maximum mimber of teeth and (the minimum. It will be 
foWd that three pairs of gf'ai.s :ii<' mH^h'd. Therefore take the cuhe nxjt of (iO, 
whi^ is 3.91-H, mid write 


3.91 _ 3!) I .3.91 
I ^ 1 


— 60, nearly. 


Since the small gears are not to lan e k'sa Tl^.n 20 teeth, and since 20 X 3.91 = 78+, 
a first approximation may be writ feu 


xnx IH, 


which will be found to eipial 61 63; if this riMsult is too greatly in error, a nxluction 
of one or two teeth in the numeral or or :m increase in the denominator may give a 
clos(>r result, as 

t 


II X XI';, ^ 00.07. 
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Example 27. To (k\sign a train of ftMir g<’ars, with the axis of the last wheel eoin- 
eident with the axis of the first wheel as in l''ig. ISS. 'Phe train value to he ,t.. No 
gear to have les.s than 12 tt'etli. All gears to he of the .yime pitch. 


iHoIutUm. Sint‘(! (l.<‘rc art* two pairs in the train, the value i‘. must be separated 
into two factors and it is desirable to have these factors as nearly as may he of the 
same value. The square root of is hetvvewi j and { so a trial pair of factors may 
he taken 1 X i. Then letting the letters Ta, Tb, 3c, Ta represent the numbers of 
teeth in the gears A, B, C, D respectively (Fig. 188). 


Ta ^ Tc 
Tb ^ Ta 


1 

3 



Now, since the pitches arc ^Wlike, 

Ta + Tb = Ta + Ta (see § 173). 

Let Z represent this sum. Then a value must be chosen for Z such that it may be 
bioken up into two parts whose ratio is J and also two parts whose ratio is J. 

If Z is made eciual to Ihe h'ast common mnhiple of 1 -|- 3 and I + 4, the condi¬ 
tion will be satisfied. This L. C. M. is 20. Then ■“ would be ~ and — would be ^ - • 

I lb lO i rf 10 

lint these value! are too small for numliers of teeth in the gears. Then 
numerator and ilonominator of both fraction must be multiplied by some number 
such that no numbi'r will lx; less than the number of t(x*th allowed in the smallest 
gear. In this case multiplying I’j and A each by jj gives aiid.jg. 

Therefore Ta may be 15, Tb = 45, Tc = 12, Ta = 48. 


llie above method (I^xarnplc 27) may ))e c^ximissed a,s follows; 
When both pairs have the safne pitch. 


t\ t' * 

If - X 7 are th(^ factors of c {i.e., the train value) expressed in lowest 

ti i\ 


terms, then Ta+ Tiand Tc-\- Ta must bo made equal to the L. C.M. of 
ti + and t:i + U or to .some multiple of the L. C. M. 

When the pitches of the two pairs arc different. 

The case illustrated in Example 27 is not a praeticiil one, becau.se the ■ 
stresses on the second ptiir of gears are always greater, requiring a 
great(!r circular pitch. ^ 

If th(i pitch number of A and B = Pt and the pilch number of C and 
V P 

D = P-i, and if — = ^ reduced to its lowest terms, then Ta + Tb is 

p -i JT 2 

made (jqual to the L. C. M. of U + <2 and h + U (or to some multiple 
of the L. C. M) multiplied by pi,|ilid Tc+Ta is made equal to the 
L. C. IVI. (or the same multiple of tA L. C. M.) multiplied by p‘>. 
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183. An epicyclic train of gears is a train iii which some of the 
gears turn on fixed axes, while others turn on axes which are them¬ 
selves in motion. The wheels arc usually connected by a rigid link 
known as^thc train arm which rotates oi^ic axis of one of the 
wheels of the train. 

Assume that Fig. 198, is a gear carried by the arm A and [unned 
to A so that it cannot tmn on its own axis. If A is caused to turn 
about iS once, a reference mark V on C, w'hich in the position shown is 
pointing downward, would i)oint in every direction successively as A 

revolvcxl and come finally to its 

© present position when the arm had 

*madc .a. complete turn. 

If C is meshing with another gear 
on the axis S, and therefore turns 
on its axis at the same time that tlie 
axis revolves, the refercjice, mark 
will swing around and point to its 
V original direction a numl )er of times 

equal to the algebraic sum of tin' 
specxl of the arm and the s^jeed of 
C on its axis. This r<‘sul1ant number of times that the reference mark 


returns to ils original dirc'ction, having alwaj's turned completely 
over, is called the luimlwr of absolute turns that C makes, or its absolute 
speed, '^riic speed of C on its own axis is called its relatiic speed, or speed 
relative to the arm. Either dirc^etion of^otation may be assumed as 
positive (+); then rotation in the opirositc^trrection must be consid(‘re(l 
as negative ( —). 

Fig. 199 illustrates an epicyclic train, and the following d(*scription 
of its operation should be studied carefully in order to undei-sland the 
principle of action. When this principle is clear the analysis of any 
epicyclic train is eomparativ('ly sHltple. 

H is a geai’ turning with the shmt S which is in stationary bearings 
and is driven by the gem’s R and K. C is a gear meshing wi1,h B. '^Phe 
stud T on wdiich (' turns is carried by the arm A. Fast, to the hub of 
A is the gear E, driven by tlici gear D. Attached to C is the gear F 
which drivt's (r. O turns on the same axis as B. but must, of course, 
be frel to turn at a dilhatait speed from B. 
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D and R recoivo their motion from outside sources. The resultant '■ 
spec‘d of G, duo to the combined speeds of B and A, is the algebraic 
sum of the spc:e<ls wliich it would have when cacli moved with the other 
standing still. 

If the gear D is first assumed not to turn, the arm A will be station¬ 
ary, and the following wpialion will hold true 

Spee d of G _ Teeth in /? X Teeth in 
8peed of B Teeth in C X Teeth iu G 



If, on the otlu'r hand, the gear B is assumed not to turn and D turns 
at a d(>finitp s})eed, the arm A will revolve, the stud T will travel around 
Sjisi an axis, C rolling around on B, and F rolling around on G. This 
will impart motion to G which mayb(^ found as follows: Suppose A to 
have a speed of a r.p.m. right-ha^lpd; then the speetl of C on its own 
axis is the samci .‘is if A were heldistill and B turmnl with a r.p.m. left- 


handed. That is, C would have a speed on its axis of a X ^ 

* leethmC 


r.p.in. right-handed, relative to its own axis, or ri'lative to the arm. 
This s]M‘ed of C would impart to G, relative to tlu‘ arm, a speed of 


Teet h \n B X Te(>th in F 
Teeth in T X Teeth in G 


r.p.vi. = a X Train value, lefPhanded. 
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But the arm is itself turning right-handed at a speed a r.p.m. Therefore, 
the actual speed of G due to the speed of A is 

a ~ a X train value. (II) 

Combining (1) and (II) 

Speed of G = Speed of B X fTrain Value -1- Speed of Arm 

— Speed of Arm X Train Value. (58) 

If n represents the absolute turns or speed of the last wheel of an 
cpicyclic tnfin (in this case G), m the absol^jli^^iirns or speed of the 
first wheid (B), a the turns or speed of the arm (A), and e the train 
value, Equation (58) may be expressed thus 

w = rnc -b a — oe. (59) 

Equation (59) is commonly WTittem , 


n — a 

e = —- 

m — a 


(60) 


and, in this form, may be expressed in words thus: 

, , Turns last whecd relative to arm 

Irain value = -jr—i — i — i — T~r- —r - 

Turns first wh(.-(*l ridative to arm 

_ Absolute turns of last w heel — tur ns of ipm 
Absolute turns of first wheel — tin-ns of arm 


Problems relating to epieyelic trains may be Holv(‘:i by the formula 
given in Equation (59) or (60) or by another method known as the 
tabulation iiu'thod. This consists in assuming that the motions of 
B and the arm (Fig. 199) take place successively instead of simul¬ 
taneously. The gears are first assumed (o be made fast to the arm so 
that therc^ can be no relative motion. The arm is made to turn at th«i 
proper spiH'd for a unit of tiiiK' in the pro|^‘r direction; all the gi'ars 
will turn with it. Then the arm is held stin'and one of the g(‘ars (in 
this case B) is f umed backward or forward (enough to make ils net 
number of turns equal to its known speed. The sum of th(' rcwiilts 
produced liy these two proec'sses gives the n(‘t motion or speed of the 
other gear or gears. 

If wj, n, a, and e have tlu' sametilpanings as in Equations (59) and 
(60) Ihe aliov<‘ pro(‘ess may be tabulated thus: 

'rums of Ann 'rums of H 'I’urns of (r 

1° Train locked. a a a 

2*’ Arm fixed. 0_ m — a _ (ni —_a)e 

3® l/esulfatit rnoliims a in (m - a) e a 
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If the resultant number of turns of <7 tlnis obtained be equated to n 
the Tosuliing equation is 

n — (w — o) e + n 
n — a 

or e =•--> 

ni — a 


which is the same Jis Equation ((H)). 

It is absolutely essential that the + or — siyn precedes each of the 
(juarlities accordiny a^iis value is positive or negative. 

In applying eith(‘r miW|f|jjj'mula or Ibe tabulation method earo must, 
be taken to include only thos(‘ gears which are a part of th(‘ epicyclic 
train. For instance, in Fig. 199 lh(‘ g('ars D, E, Jt and K serve mercjly 
as drivers of nieinlaas of the epicyclict train and do not enter into the 
formula or the tabulation. 

184. Solution of Problems on Epicyclic Trains. The following ex¬ 
amples will ilh^trate the apiHication of the two methods of solving 
epicyclic trains.* In some cases tfie formula is used and in otln i cases 
the tabulation metho<l, while in a-few examples both methods are used. 
Either method will ai)ply to any problem and it is often di'sirablc^ to 
solvtf by both for the })urpose of eheekiug. 

Example 28. In Pig. 199 lot 7? have SO tooth, C 40 tooth, F 90 tooth and G 30 
t(‘oth If li Jkis a sp(‘ 0 (l of 100 r.p.si. right-liaudod and A 00 r.p.nt. Jeft-handod, 
lot it 1)0 roquh'od to find (ho spoo<l of G. 

Solution No. 1. I'sing (o 9; h't righl-haiidod rotation bo :i.ssumed plus. Then 
VI — +100, a — —(M), c = X UJl — (i, and .sinoo Avith tho arm at rost G would 
■turn in tho same direction a.s Ji, tho value of c is plus. That is, e = +0. 
Sul)stit,uling jn Kcj. (.59), 


« - 100 X 0 + (-00) - (-00 X 0) - 000 - 00 + 300 = 900. 


Solution No. 2, Using tho tabulation niothod. 


Goars lockf'd to arm.. 
Arm hold still. 



Arm 

H 

(f 

- 00 

- (50 

- CO 

0 

+ 100 

ICO X c 

-do 

1- K'K) 

900 - 60 



= 900 


F'Xamplc 29. In Pig. 200 let gear ti have 24 tooth and G 18 toc-th. If li is hold 
from turning and tho arm makes 1 turn right-handed, lot it bo reijuirod to 6nd how 
many absolu(<* (urns C makes. ^ 

Solution No. 1. I'.sing Eq. ,59, ni^ 0, e =—?;}- —J, = +1 fas-suming 

righ(-haiid rotation is plus). Then, substituting in l‘k|. (59), - 0 + 1 — ( — 

or, n ■ 


Solution No. 2. Psing tho t.abular moihod: 

Arm 
+ 1 
_0 
+ I 


/{ 

f I 
- 1 
0 


t ■ 


t-1 



Goiirs lookod (o arm 
Arm hokl still. 






170 


ELEMENTS OF MECHANISM 


Example 30. In Fig. 201 E is an annular gear which cannot turn, being fast to 
the fram(' of the machine. The arm A turns about the shaft S which is also the 
axis of the geai's H and E. B has 24 teeth, C 20 te<’th, 1) 16 teeth, and E 96 teeth. 
Let it be re(Hiirod to find the speu'd of the arm A to cause the gear B to have a speed 
of 75 r.p.in. left-handed. 


Solution, .\ssuinc B to be the first wheel of the train and assume right-handed 



Example 31. Sun and Planet Wh<fel. Fig. 202 shfws an applica¬ 
tion of the two-wheel epicyclic tniin known as the Sun and Planet 
Wheels, first fit.vised by Janies Watt to avoid the use of a crank, 
which was patented. In his devici' the i^picyclic train arm was replaced 
by the stationary groove f/, wliich kept the two wIk'cIs in gear, a 
represents the engine shnfl, to 


rz 




iC 





mil 


r 






which the gear D was made fast, 

B the connecting rod, attachcMl 
to the walking beam. The gear 
C was ’‘igidly attachtjd to thi' (uid 
of the connecting rod. While 
with such an amingcment it, is 
not strictly true that the gear C 
docs not turn, yet its action on 
the gear D for the inteiwal of oiu' 
revolution of the epicyclic atm 
(that is, the line joining the 
centera of 1) and 60 is ilie sjuik' 
as though C did not turn, siiua; 
the position of C at thcj end of 
one revolution of the arm is tlui 
same as at the lieginning. 

Ij<*t li bo assumnd that fho gears 
C and /) hava; the same number of 
Icefh. 

Tlion the train value -- —1. la't the arm ah make; one turn. 




m 




\ \ 
B A 


D E 



Fic. 201 


Ilo(llli^f‘d to tind the turns of D and (luTeforo of the engine slijift. 
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Ijet m roprcs(‘nt the turns of 1), a the turns of the arm, n the turns of C. 
Solution. From equation (60), 



whence m ~ +2. 

That is, the engine shaft will make two turns every time the gear C passes around it. 

Example 82. In the three-wheeled train, Fig. 203, let A have 55 teeth, and C 
have 50. A does not turn. To find the turns of C while the arm D makes -I-IO 
turns. 


SoltUion. Using the method 


Train lockcwl. +10 +10 +10 

Train unlocked, arm fixed. — 1 0 — 10 ( gjj) _0 

lleaullant motions. 0 — 1 +10 

0.’ the wheel C turns —1 while the arm i> turns 4-10. 


If tho gear C in Fig. 203 worn given the Kamo number of as A, 
it would not turn at all. If there were more teoth in C than in A its 
resultant numlxl* of turns would he in t h(^ same direction as the .inn. 



Example 33. Ferguson’s Paradox. In the device shown in Fig. 
204, known as Ferguson’s Paradox,- all three of the cases just referred 
to occur in one mechanism. ' 

Jjct the gear A have 60 teeth, C 61 t^Oi, E 60 teoth, F 59 teelh. Ji is .an idle 
wheel (.•minecling eaeli of the others \vHMA. The arm D turns freeb' uii the axis 
of .1 and carries the axis which supports the other gears, is ilxed to the stand 
aiul theri'fore liannot turn. If the arm D given one Inni U.II. (-1), n-quired to 
find the turns of (', K, and F. 

Sdhilion. Using the tabular method 

A I) (' i: F 

'I Vain locked. +1 +1 +I +1 4^1 

Train unlocked, arm fixed.. . - I i' - 1;',’ - 1 — 

Resultant moliuns. tj 4-1 -f .-.'i 0 — 
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Example 34. Ford Transmission. Fig;. 205 is a diagram of the 
planetary or epicyclic transmission as used in the Ford automobile. 
The shaft /*, fast to the <mgine shaft, cairios llu‘ piece L on which are 
(•lutcli rings. Between these rings are other rings wMch turn with 
the drum K. The latter is fast to the propellor shaft M. Powerful 
springs urge the clutch rings together, exce]it when prevented by the 
levers IF. The friction betw(‘en the clutch rings serves to connect, L to 



K, thus making a direct conni'clioii b(*t.ween the engine shaft and the 
propellor shaft, furnisliing th(' dir(‘ct drive to the latter, wJiich in turn 
drives the rear wheels. ^'hi'< gives “full gear” forward. 

Fast to the front side of K is the^leovc (S' carrying th(^ gear/jJ, wliich 
meshes with the gear 7^ running l(^sely on the stud //. This stud is 
carried b}'’ the }>i('c(‘ A whii-h is fast to the raigiin; shaft. B is integral 
with the g(;iir.s C and 1). (' Jiuishos with F on tlie skiovc^ ;V fast to the 

drum J. J) nu'shes with O' on the hull of the drum /. A , turning with 
the engine and canying the shaft. // with it, constitutc's the arm of two 
epicycl^* trains. Oik* of tJu‘Sf‘ trains is tJirough the gears F, C, B, and 
E. The otlna- train is tlirough the gf'ars O', D, B, E. 
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When the left pedal in the car is pressed forv/ard a short distance 
the lever \V is operated to rc^lease the pressure' of the springs wliich 
hold the clutch rings in contact. The engine then runs idly without 
turning the* i)ropt;llor shaft. A fui-lher motion of the left pcKlal applies 
a brake band to the drum ./, holding it from turning, thus holding the 
gear F at rest. C, rolling jiround the stationary gear F, and B around 

E, givtw a si)(‘(‘(l to E dej)endt'nt upon the relative nurnbens of teeth in 

F, C.B, and E. 


'rius speed may lx; as fellows: 

i.'sing E(j. (OOj Hi — turns of P = 0 and k the turns of F. 

Assuming one turn of the engine, o - +1. <' = X II ~ + n- 


Then --- 1 whenee n = -}- 


'riud is, the gear JH makes -j of a turn 


for every turn of the engine, in the saoie du’eetiou as the engine, and carries the 
propeller shaft with it. 

If the left, pedal is allowed td^eona' back to its normal positmn, re¬ 
leasing the <li nm ./, mid the liaiul levtT operatt'd to hold out the clutch, 
tluui if the middle penial is presvsed forward, it applies a brake to the drum 
I, t<ius holding the gear (! stationary. 'I’liis brings into action the 
epic.yiilic train G, D, B, E, giving motion to is’ in a tlirection opposite 
that of tlie*engine. 


'Phis may he ealeulatcHl as follows; 

Letting wt represnit the t.uni.s of O and using the same formula as licfore 


<' 

f) 

4 


i i' 7 

n - 1 

0 - r 


Avlience 


n 



'I'hat is E, with the ])ro]>ellor shaft, makes i turn for eaeti turn of the engine and in 
the ofiposite direction. 

When tlu‘ right, pedalns pivssc'd forwanl a brake is applied to th(‘ 
drum K, rtdarding or stopiiing the iiropellor shaft. When this is done 
tile drives should of course all be in neutral. 

Example 36. All Spur Gear Differential. Fig. 20ti is a diagram of 
th(' aiTuiigement of gears in an automobile diffiTi'iitial where no bevel 
gears are employed except the pA*wlii(ih transmits the motion from 
the propellor sliafl. The large gear A (usually a twisii’d bevel) 

is iliiv(*n from the profX'llor shaft and earrii's the cage B wliieh always 
turns with A. This cage supjiorts the studs on which are the small 
gears C and /). l^hen^ are sevi'ral pairs of tlu>s(‘ small gears equally 
spaced around the cage but one pair will be sufficient to co^ider in 
discussing the action of the mechanism, (' meshes with ih^gear E 
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which is on the axle L, C also meshes with 1), as shown, and D in turn 
meshes with the gear F on the axle H. 

When the car is moving in a straight path so that the r<‘ar wheels 
are turning at the same angular speed, the eag(; B and all the* gears 
inside it revolve as a unit and there is no n^lativti motion of th(; gears. 
When the car starts to turn a curve, the wheel wliich is on the outside 
of the curve must travel fartJier than the inner wheel, and therefore 



Fio. 2(X) 


must make more turns in a given linu^. 'FIk' gears E, C, D, and F then 
begin to turn relative to ('aeh othcT and to the cage and the ad ion 


becomes that of an ('picyelie (vain with tlu 
as the epicyclic arm. 


cage, carrying tlu' studs 



This action can he seen inon' clearly if the car is supposed to l>c .standing still with 
the right wheel (on the axle R) jackc’d up clear of the ground while (lie left wheel 
rests on the ground and is blocked to prevent it from rolling. Then E may he e/>ri- 
sidcred a.s the first whof'l of tli(> epieyelie (rain, C and D intenmxliate wIkm Is, and F 
the last wheel. The train value heLweeji|P and F is —1 since the gears E and F 
have the sami* numher of teeth. 'I'hen, i|Lng ecjiiation (GO) when' vi - tlie turns 
of gear E, a — turns of the cage and n the turns of F. 


Whence 


Vi —Q , II — 1 (assuming the large bevel to make one turn). 

, a — 1 


0 - I 


or ?i = +2. 


Thort^ore with one wheel at rest, the other wheel will Uim twice as fast as the 
large he **1. 
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With both wheels turning, but one of ihcun turning faster than the other, similar 
relative motion takes place. For example, suppose that the car is tui-ning a corner 
such that the right wheel must turn twice tis fast as the left one. 

Then, using the same notation as above, 

n = 2m\ 


whence 



Example 36. Trip!l|| 5 j^lley Block. Fig. 207 shows a vertical sec¬ 
tion and side view, with p^bof the casing voin()V(‘d, of a triplex pulley 



block. N is the sluift to which the hand chain whet'l .1 is keyed. Also 
koypd to S is the gear F meshing with th(i two gears E. The gears E 
turn on studs T which are carried by the arm /?, the latter being keyed 
to llie hub of the load cluiin wheel The gears C art' integral with E 
and mesh with the annular D w^hiM is a part of llu* stationary easing. 
Tlu' uK'chanism is an epicyc.lie train. F is the first wlieci of the train 
and has a speed imparted to it by the turning of the hand cliain wlied 
.4. The annular /) is the last wheel of the train and dot's not turn. 
The train value is 

__Teeth in F Teeth in C 
Tcetii ill PJ ^ Tt't'th in D 
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Assuming one tuin of A, the turns of the arm B may be found, and, 
therefore', the turns of G. Hence, knowing the angular speed of A and 
its diaiiiete'r, and the angular speed of G and its diameter, the relative 
linear speetls of the hand chain and the load chain can be calculated. 
The load will then be to th(; force exeiled on the hand chain as the 
speed of the hand chain is to the speed of llu' load chain, friction being 
neglected. 

185. Epicyclic Bevel Trains. Fig. 20H icpre^uts a common form 
of epicycli* bevel train, consisting of the jjpjl^evel-wheelK D and E 
attached to sleeves free to turn about uW shaft extending through 
‘\ '' them. This shaft carries the cross 

□ “ at. E which makes the bearings for 

the idh'Ts GG coimecting the bevc^ls 
/> and E (only one of these idlers 
is necessary, although the two smi 
^used t o form a bjjancetl pair, thus 
i-educing fricti^sn aiid wear). 'FIk! shaft F may be given any number 
of turns by jm'ans of tin' whec'l A, at tlu* same time the bev('l 1) may 
be turned as desiredi, and the* problem will b(' to d<'termin(^ th(' resulting 
motion of the bevel F. TIk' shaft and cross F lu're correspond*with 
the arm of the epicyclic spur-gear trains. 

When the bevels are arrangi'fl ia this way the wheels /^*and E must 
have the same number of teeth, and lh(i train vjilue is i. It will be 
found ch'arer in tlu'se prob¬ 
lems to assume tiiat, tla^ 
motion is posit ive when the 
nearer si<l(' of the Avlaal 
moves in a givf'ii dii’cction, 
say upward, in wliich cas(' 
a downward motion would 
be negative; or if a down¬ 
ward motion is asstimed as 
positive, then upward 

motion would be negative. | | ^ VJ 


D 

\ 


M' 




„ . . 



- 

■•1 ."'A 

— 

i 



1 




I' I 


ifi.' 

, I 

- 4 - 


T 




IZ^3— 
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p- 


Example 37. In Fig. 209 
li and E are Iwf) bcwol gf‘fir.s A - 
running on shaft >S’, but. not fu.st 
to it. AtUichc'd to tiu' rollar 
which is sot sorowod and keyed Fkj. 209 

to (S, is a stud T on which turns 

freely tlu' gear I) inesliiiig with B ml K. B and E arc of the saim' size ami T is at 
right angles with *S'. J is a gear having 2.1 teeth and driving th(' 40-tooth gear K 
which isT.i.sl to /> L is a ul-tooth gt ar driven by the 17-tooth gear // which is fast 
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1-0 E. N issk 45-tooth geur fjist to tin* aaiiie shaft as .1 and drives the 20-tooth gear 
M which is fast to S. It is required to find the speed of L if J makes 40 r.p.m. 

Solution. The Jirst utep u to pick out thone gears which are a part of the epkyclic 
train. Thfso arc <!vidently B, D, and E. 'Phe epicyelic arm is T. Assume B as 
the fii-st wheel of the epicyelic train, E the last wheel, and, letting m represent the 
speeci of B, n the speed of E, a the spet'd of *S and c the train value between E and 
B. Also assume direction in which J turns as positive. Using Eq. (59), 


e =( -1, 

—SB X 40 r.p.m. = —25 r.p.m., 


40 = -90. 

Then, substituting in Eep (59), 




n = (-25) X ( -n 4- (-90; - {(-90) X (- 1) j 
^ 25 - 90 - 90 
= —155 r.p.m. ~ speed of K. 

Speed of L ~ —I*!"- 'X (-/.Ij 51 j. 

Therefore, L has a speed t)f 51 i r.p.m. in the same direction tis ,/. 

This problem m|y be solved by theistabuhition method also, the proei'ss Ix'ing 
the same as for an iill spur epi<'y(:li(! train. 


Example 38. Bevel Gear Differential. Fig;. 210 shows the arrango- 
inont-*of gears in the differential of an automobile. Shaft N is driven 
from t,hc motor and lias keyed to it the bevid gear T) meshing with E 
which turns loosely on the 
hub of the gear H, the 
latter Ixung keytxl to the 
axle of the; left wheel, 

E has projections on it 
which carry the studs T 
furnishing bearings for the 
gi'ars H. 'rhcrc kre several 
of these gears in order to^ 
distribute the load. Th4^ 
geai-s E m(‘sh with H which 
is, as has been said, fast 
to tthe axle of the left 
wheel, and with K which is 
fast to the axle of the right wnecl. ^hen the automobile is going straight 


To Left Wheel\ 
B •—^ 



To Right Wheel 
C 


Em. 210 


alu'ad D drives E and all the othe^ears revolve as a unit with E with¬ 
out any relative motion. As soon, however, as the car st.arts to turn 
ii c'oriKM', say t-oward the right, the left wheel will have to travel further, 
and ther('for(i the shaft B must turn faster than C. Then the gears 
begin to move relative to each other, the action being that of an epi- 
cyclic train. H 
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Let it bo sisBumed that the right wheel is jacked up so that the axle C and gear 
K turn freely, while the left wheel remains on the ground and is hold from 
tumjKg, thus holding gear H from turning; C’onsidcr H as the first wheel of the 
train, E being the arm. Required to find the turns of C for one turn (+) of E. 
Solution. Using equation (60) 


-1 = 


n — 1 


0 - 1 

Whence n = 2. 

That is, the right wheel will turn twice as fast as the gear E. 


Example* 39. Water Wheel Governor, ^jjil^picyclic bevel train 
has been used in connection with a train contfnning a pair of cone pulleys, 

in a form of water-wheel 
A governor for regulating the 

supply of water to the 
wheel. Fig. 211 is a dia¬ 
gram for this train, the 
position o| the belt con¬ 
necting the cone pulleys 
being regulated by a ball 
governor connecting^ by 
levers with the guiding 

forks of the belt. The 

■ 

governor is so regulated 
that when running at the 
mean speed the belt will be 
in its mid-position, at which place the turns of E and /) should be (K(ual, 
and opposite in direction, in which case th(i arm F will not be turning. 
If the belt moves up from its mid-position, and if A turns as shown, 
the arm F will turn in the same direction as the wheel E- 




1 

1 

7 



t 


E 


C 

D 

/ T 

1 

1 

\ 


Fig. 211 



With the numbers of tooth jib shown in the figure, let 
ratio of the diameters ^ if C is to Inrri downward on^pr 


X 


let it be required to find the 
25 turns of A in the direc¬ 


tion shown; also to determine wholhor the bolt shall bo crossed or open. 

Solution. Let E be considorcul as the first wheel of the train. Then, to use 
equation (59), * 

n = turns A X = 2.5 X downward (+). 
e = —1, a - 2| 


. . w ?/ V. 30 

VI = turns A X - - X 

.1 67 


i 


5 X X 
67 X 


Then, substituting in equation (.59), 


2.5 xJJ- -l(‘. 


or 


67 

y 

X 


25 X X 




2.5 X g? - 2 

■25 X W 


+ 1 (- 1 ) 

308 

375’ 
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179 , 


y * V 

The minus sicn in this value of -- signifies that tlic value ?n (in which - first ap- 

^ ^ •H- 

pcara) must be negative; that is, K iniLst turn in the opposite direction from D. JUfepcu 

the cont! li mast turn m the same direction as A atid tlie belt be open. 

Example 40. 'rhe bi^vcl train may bo a compound trains as e^own in Fig. 212, 
Here the.train value, instead of being —1, is —V/ X fs = “• Vi if ^ ^ considered 
as the first wlieel 



(same as of C) and using Equation (GO), and assuming A to make + 40 turns and B 
to make — 10 turns, 



Hi) 

40 - a 

• 

9 

~ io - a 

Whence 

a — 

... j-oi 


Or C will turn Vr times in the same direction as li and E. 




CHAPTER VIII 

INCLINED PLANE, WEDGE, SCREW, WORM AND WHEEL 

186. Inclined Plane and Wedge. Tlu' i)lanc‘ and wculgc 

will be conskU‘red only as mechanical for producing nmlion 

or (‘xorting force. In this s('nse they act (‘ssentially the sani('.‘ In 
Fig. 213, P represents a wedge, or solitl, whose lower surfac.(‘ nin is 
horizontal, resting on a horizontal surfaces XX and free to he inove<l 
along that surface. The upi)er surface mo is inclined at an angle; with 
the horizontal. In Fig. 213 the back surface no is p(‘rpendicular to mn. 

S is a slide which may niove up or down 
in th^ guides G, t he llower end being 
inclinfxl or beveled at the saim‘ angle as 
the upper surface of P, on which it rests. 
Suppose' that P is moved to the left, a 
distaiK'o mnh, so us to occupy the position 
shown by the dott(‘d lines. It is (wi<lent 
that S is forced up a <listanco ddu If the 
length h and height a of P an' known, it 
is ]»ossible to calculate the amount S will 
mov(; for any known mov(anent of P. 
Draw a vertical line meeting/alO, at i. Tlnni nd = (l(l\ since they 
are sides of a i)arall('logram. The triangles mimt and imviOi are 
evidently similar. Tlnirc'fon*, 




)n! 

myrii 


0\th 

tnpfii 

But 

OPI] 

- on, 


mt 

~ ddi 

and 

mitn 

= mn. 

Therefore 

ddi 



ddi = ninix 

iHh 

X — = 


mn 


((> 1 ) 


f)r. in words, the distance the dider rfscs is equxil to the distance the wedije 
mores ^ uUiplied htf the ratio of the heiqhl of the wedqe to its lemjth. 

ISO 
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In Fig. 214 a wedge is shown in which the end no is not perpendicular 
to 7un. The same method of calculating the ris(' of the slider S would 
be used as in the previous case except that the vertical height ok is 
us('d in place of the length no, the shape of the back end of course 
having no effect on the motion of *S. 

The wedge in Fig. 215 is itself raised when pushed to the left; due 
to its sliding upon the inclined stationary surface of K, and carries S 



Fia. 214 Kk;. 215 


f up with it. It also gives an additional rise* to S due to the slant of the 
surface mo. The resultant rise of <S' is, tlu'rt'fore, the s\im of the two. 

It should be noticed that the above laws hold true only when the 
direction of motion of the slider S is perpendicular to the direction in 
which the wedge moves. 

187. Screw Threads. If the top surface mo of the wedge shown 
in Fig. 213 is assumed to be covered with a very thin strip of flexible 
material and this strip is wound around a <‘ylin(h'r whose circumference 

is c(iual to the length b, the angle of _ 

inclination writh the horizontnl reinaitiing 
the same, it wall assume, a lu^'al form as ^ 

show'n in Fig. 216. If thq|l^le S has a ^ __ 

point which r(‘aclies out and rests on th(‘ * -(-J—• 

top surface of the strip, and the cylinder | i 

is tiuiK'd in tlujgpirection of tin* arrow’. S S i_ i 


will be raised.^The action of the helical 

surface on »S |r, exactly the’same alhJie ^ -*—i— 

action of the Avedge in Fig. 21^A^ne ^ 

complete' turn of the cylinder will raise i=cJ 

a distance of /\ One-half a turn will Fn.. L'Jji 

raise »S a distance — and so on. In Fig. 217 a similar airangcment is 

showni, except that, in tliis case, N is stationary and the cylinder Al free 
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Fia. 217 


( «> 

to EEiove endwise' as well as turn, the weight of the cylinder resting 
on the point of *S through the helical blade. Now, if the cylinder 
is given one turn in the same cfitiectiffi as before, it will be lowered a 

distan,(^T. 

A mbie exact di?scrii)tion of the surface 
would be to say that it is- geneniled by a 
radial line always perpendicular to the 
axis of the cylinder and with its inner 
end in eonlaclj^^^ a helix of hud - P 
on the surfii4^^ the cylinder. 

Fig. 21S shows a cylinder with a strip 
wound around it in the same way as in 
the preceding figures only the .strip Iuto 
is very much thicker and is woumi 
ai'ound a('veral times. In actually making 
such a cylinder of nndal a solid cylinder of diameter J) would bo taken 
and a heUcal groove cut around it, t^e metal left betw'crj (Ik; .successive 
turns of the groove thus constituting the “ helical strip." A cylinder 
so formed Ls calledi a screw, tiie projecting part, which we have called 
the helical stiip, 
being known as 
the screw thread. 

The action of 
such a thread on 
its follower is 
exactly the same 
as just described 
for Fig. 21G or 
217. Instead of 
using a single pro¬ 
jecting point o r 
surface for the 
thread to act 
against, as ha,s 
been assumetl in 


P 


Sir. 


—-<221 

^ < 

I 










I'lo. 21H 




these figures, a hole with a;coi' 
this thnud being of the proper 
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thr^l^' insi<',. i( is formed, 
slffiit, and Khape to just lit into 
the grooves of I he screw. Tin piece which co^ains such a iude is 
known as a nut. (St;e Fig. 219.) 

188. Forms of Screw Threads. There are''several forms of 
threads in getu'ral iis(;. The more common Ones ore shown in 
Fig ^'220 to 22.'j. In Fig. 220 is showui the square thread used for 
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supporting or moving a loa^l as in a jaek-scrow. In Fig. 221 i» JShown 
tlio thread ordinarily known as the Acme thread which is toUar to 
th(‘ s(jU8m* lliread except thaVlits shies slope slightly, giving a stronger' 
thread and making it possible to open and close a split nut around it. 
Sueh a thread is used on the lead screw of a lathe and in similar places 
where the screw moves the carriage and wliere it is necessary to sepa¬ 
rate the two halves of 
the nut on w’hich it 
acts wlien it is desircF ^ ^ 
to break th(‘ coimec- ' ■ 
tuni bctw('(‘n the screw 
and the carriage. 

Fi^s, 222 and -223 
show the V thread, 
nhicli is the kinil 
commonly ii-^cd on 
bolts, maclnne sA-evvs, 
and, in fact, lor most 
1)111 [)o«(‘s when* the screw and nut servi' Jor holding purposes. It is 
also Mst*tl in light apparatus tor causing motion. These two forms arc 
alik(* exe(‘pt for a slight dirferencc* in tin* nngh* of tin* sides and a 
(htfiTence in shape at the point and ro(>t. Figs. 221 to 227, with the 
accompanying tables, show the shajies and standard proportions of the 
above forms ol threails. 




r. S. STAMURD SCREW THREADS 
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WHITWORTH OR ENGLISH STANDARD SCREW THREAD 


1 

L mi A 


i-V p 


U- p —^>1 


A = = 0.16 P, 

b ’ 


B = 0.64 P r = 0.137 P. 


Fig. 225 
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SCiUARE THREADS 



Throfids i-' y inch maybe about J- of tlio 17. S. Standard , 

Acme and Square. 


189. Single and Multiple Threads. All of the threads shown in 
t)i' pre(;(‘dii)g illustrations are single threads; that is, the threads are 
formed by the met al left l)etweeii the siiceessivo turns-of a single helical 
gi‘oov(^ cut around aiid around tin* eyhnder. If two i)arallel helical 
gi-ooves are cut, the metal remaining will constitute a double thread; 
thret; puralh*! gjjoves will h'ave triple lhrt‘ad, and so on. The single, 
double, and trijde threads are illustrated in Figs. 228, 229, and 230, 
respectively. It will be noticed on the "ingU* thread (Fig. 228) that 



Single^ rhrtiod 
Fio. 228 


Double Thread 

Fio. 229 


Triple Thread 

Fk;. 230 


if the finger be placed point of the thread, ns at A, and is moved 

along the thread until* has gone once around the screw, it Avill come 
to the point That is, in moving once around the screw the finger 
hsu* advaiKH'd^oijg.tho screw a distance AC. On the double thread 
(Fig. 229) if£ie finger starts at A and follows the thread once around, 
it will comejtj C, but this time tllspe is a point D which lies betw('('n 
A and C. D is the point of tK^^'jPnd or parallel thread. Similarly, if 
the finger follows a thread in Fi^’^ once around from A to C, t wo points 
D and E will lie between A and C. A multiple thread may be used 
when there is ne('<l for a fine thread having a large ‘‘h'ad” (see § 190). 

190. Lead and Pitch of a Screw. The distance' AC wldch the 
thread advances along the screw in oiu' turn around is sc^^imes 



186 


EI^MENTS OP MECtlANiSM • 


called tho pitch. A botiei* name, however, is the lead.. This definition 
of lead apjjlies equally to single and multiple threads, while the term 
pitch is usually applied to the distance from <mc point to the next., 
regardless of the {■ondition of the screw being single or multiple, and 
will bo so used in this book. Lead is never used in this sense. In the 
case of a single threa<led screw the lead and pit(;h are the sam(\ If 
a nut is stationary and tho screw is turned once around, it will move 
along through the nut a distance equal to tlie Imd. If the screw is 
held from moving endwise but can tm’n, Avl^^ie nut is held from 
turning but is free to move along the screvf^he turn of the screw will 
move tlie nut a distance equal to- the lead. 

191. Threads per Inch. The size of a thread on a screw is com¬ 
monly specified by stating the number of threads which the screw has 
in an inch of its length. For example. Fig. 231 reiwesents the side of a 




screw with a scale laid against it so that the line* M is over the center 
of a groove. The lita^ N, which is an inch from M, comes over the 
center of another gi-oove or another turn of the same groove and there 
are five whole thread jwints b(‘tw(Mm M and N. This .screw would be 
described as a screw having five threads inch, no account, being 

taken of its being single or double. In Fig;^4l‘2 tho lino M is placed 
over the center of a space and the line N happen^'come over the cent(',r 
of a thread point with seven whole thread points bej a ^Vti. Then* arc, 
therefore, seven and one-half threads per inch op -a r. \ "I'he niMii- 

ber of threads per inch is the reciprocal of ai\;iifor a single 

threaded screw is also the reciproc!^>f ^ he h •' 

192. Right-hand and Left-hantm^* Tm tl ' u may wind 

around th(! screw in such a vva,y thal^«\ ' downw • .rom right to 
l(?ft as one looks at it, as shown in Fig. 23.1, in which c , it is called a 
right-hand thre:id; or, it may slant downward from leit ) right as one 
looks { it, as shown in Fig. 231, when it is called a left-harid. thread. 
If thf'^-renv with the right-hand thread is turned in the direction of 
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the Arrow A, Tig. 233, it will move downward through the stationary 
nut, or if the screw cannot move endwise the nut will be drawn up. 
The screw with the left-hand thread would have to be turned in the 
direction of the arrow B 
(Fig. 234), to move down¬ 
ward or to di*aw the nut 
up If one were looking 
at the ;‘nd of a right- 
hand screw and turnevl 
right-handed or clockwise, 
it would move away 
from him, whereas a left- 
handed screw looked at 
(‘ndwise and turned left- 
handed or anti-clockwise 
would move {i\\|iy 



1^ 


B 








Fig. 234 


Fig. 233 

% 

193. Relation between the Speed of a Screw or Nut and the Speed 
of a Point on the Wrench or Handle. In Fig. 235 suppose the screw 
S is supported in a bearing, (dollars H and B prevent it from movii>g 
endwise. The lead of the screw is P inches. S fits into a nut N 
which is free to slide along the guides G which also keep it from turning. 
A crank wifh a handle K is fast to the end of the screw, the center of K 



rCIh 


"5 




jif 


l)eyig at a dej^j^ inches from the axis of the screw. It is now 

lequived to»,' ^ of determining the relation between the 

linear *?pecd,^.^^,^ ; ^ ^ jf.the nut A. If the crank is giviai 

one complei, ' parts thi* turn the screw once and tlie nut 

will move aV' " o gilidcr takej ^^n^(•e P inches. While llu' crank turns 
once the cei: K iu(j«i,\*()ver the (h’cumference of a circle whose 

radius \s H, ■* , 'iore it moves ov(*r a di.stance *2 irP inches. Therefore 


i lit 

t 


Linear sp ivd of N P 

Linear speini of K 2 irP 


(02) 
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Also, since the forces at the two points are inversely as the speeds, 
neglecting friction, 

Force at N _ 2Trli 

^ Force ni K P ^ ^ 

In Fig. 236, which shows an ordinary jack-screw, the exact value of 
the speed ratio differs slightly from that expressed by Eq. (62). Here 

the jwint K at which the force is applied 
rises with the screw s^ that in making a 
complete turn ^y^wpoint K moves over a 
heli.x whose diauKder is 2 It .and whose kyad 
is cfiual to thst of the screw. The form ula 
for 1 h(> lengl h of a helix isV^2 ir/^’* -f so 
that tiui actual spt^ed ratio is 








Linear speed of IT __ P 

Linear of K _|_ p 2 


(64) 


The haul (P) is so small relative to R 
that ih(‘ value 


V2 irH^ + 


Fia. 236 


differs only very slightly from 2 ttR, Ao 
cordingly, although Eep (64) is the corrend. one, Eq. (62) is usually 
accurate enough for all pr.-udical puqwses. 

•194. Compound or Differential Screws, h'lg. 237 illusti-ate.s the, 
style of screw known as a th'jfrrcniial screw. A part. S of the s^ci’ow 
itself has a thread whose h'ad is P inches and fits into a nut T which 
is a part of the stationajy 
frame. The other eird >S'i of 
the screw has a different 
thread, of le.ad Pi inches which 
fits the nut N. This nut may 
slide along the guides G but 
is held by the guides from 
turning. As the screw is 
turned the motion of the nut 
is the re.^ultanl of the move¬ 
ment of the screw .S' through the nut^ . ^l^nutTi ‘*1ii:»Si. Sup- 
l)Ose, for exjimple, that P - 2 hn, ^ *‘)eing right- 

hand('(l serews. If nruv the. handle K is turned right^ ’led, :is seen 

from t^ left, th<^ whole se,i-ew mov(‘s along through T iff^'^rd t.he right 
2 in. f it weic not for the thread <S'j N would move to lh(i right in. 
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At tho same time, however, Si has drawn N liack upon itself ^ ih. so 
that the net movement of N toward the right is I in. — in. or ^ in. 
Again, suppose P = i in. right hand and Pi = in. left hand. (Ine 
turn of the handle in the same direction as before wilJt advance S through 
T ^ in. and at the same time carry N off Si ^ in., S 0 ;that the net move¬ 
ment of N to the right is % + A in. or in. A device of the first sort 
may be used for obtaining a very small movement of the nut for one 
turn of the screw without the luici'ssity of using a verj’- fine thread. 

196. Examples on and Power of Screws. • 

Example 41 . In Fig. 238 suppose it is nniuired to find tho load \V, which, sus¬ 
pended from tho nut N, can be raised l)y a force of 00 lb. api)liod at F. Tho screw 
has a load of i- in. Assuino that tho friction loss is 40 iior 
Cv iit. Lot R = 20 in. 

Solution. While tho sen'W makes ono turn F lotjcos ovtT 
a distanco 2 n- 20 — 12.j.(K* in. and A’ ris»;s -J- in. 

Thoroforo, F X l2r).Gfi in. = W X \ in. 

Since 40 per coi|. is lost in friction not fori->- i.- 

.00 X (50 = 30 II). 

Thoroforo, 30 X l2.j.GG - IPX 1 in., 

or n' - tt047.o 11). 

THh samo rosult woiild bo obtairu'd l)y .■>ul>stiluting 
directly in lOip (03). 

Example 42 . In ilio jack-scrow .shown in lug. 23(5, tho 
load of the screw is \ in. Jt ~ 3 ft., 0 in. 'I'ho force 
e.\ortP(l at K is 1(K) lb. 4'o find tho u eight Tl' whieh could Pn- 238 

be lifted if friclioii ^^«*re neglected. 





Solution. Equation (04) applies in this ease in finding tlie speed ratio, but 
equation ((511 will be v(‘ry nearly correct. 

, S]mW of i r i in. 100 

^pc'c'd of k ~ 2ir 12 IF 
I'hcrcforc, IF = 2 n- 42 X 100 X 2 = 52,779. 

In any case such as this the lo.ss bv friction would 
..•‘P gri'ut and would have to bo taken account of. 
tj'-' Example 43 . In Fig. 23!) Pi - to in. right hand; 
'i P-z — H in. right hand. To tind how many turns of 
I the hand wheel arc required to lower the slide .J in., 
>' and to determino the direction the wilin'! must be 

U‘V in ..il> .s', 

uil lines at I tho outer screw is right hand 

parts the w1uh>1 

■' •' ’ider take* nbove will lower tho outer 

p„, ^ , .) in. .\t the .same time, since the inner 

\ I'j bcicw is also right-handed, this one turn of the whirl 

will draw (he ij si-rcw into tho outer one i in. so that the resultant downward 
mol ion ol tho s iTor one turn of the ivheel is m. — J in. = I's in. Tj^icfore, 
to lower it i in. wie wheel must be turninl right-handed as seen from abovw|iman\ 
times as A is containetl in \ or 8 times. * 
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196. Rotation of Screw or Nut Caused by Axial Pressure. In the 

cases above consicb'iod rotating forc•(^ lias been assumed to act-ou 
the screw or nut in a piano perpendicular to the axis of the screw. With 
a scre\v of largo lead and relatively small diameter, so that the angle 
which the helix makes with the axis of the screw is small, a force acting 
in the diri*ction of the axis may have a compoiu'nt in the direction to 
cause rotation whii'h is great enough to overcome the frictional resist¬ 
ance and other resistances to turning and thus cause either the screw 
or the nut If) turn. This principle is made jjia* of in small automatic 
drills and screw-drivers, in which axial pr^^re on the handle causes 
the tool to turn. Such action is not possible unless the helix angle is 
small, and the rotative componiuit of the force relatively large. It is 
well known, however, that constant jarring will cause nuts to work 
loose, ht'iice the nec('ssity for (Ottcu* juns or dotible nuts, one serving 
as a check for the other. 

197. Screw Cutting. Screws are (yrnudly cut iu agathe where the 
cylindrical blank is made to rotate uiiifoiinly on its axis, wliib' a tool, 
having the same contour as th(‘. si)aco between the threads, is nuwle to 
move uniformly on guickns in a path parallel to the axis of tlu' s<'rcWj 
an amount equal to the lead for each rotation of llu^ l)lank. The screvv 
is completed by successive cuts, tin* tool being advanced neana' the axis 
for each cut until thc^ propfT size is obtained. A nut can be cut in the 
same way bj’- using a tool of the jjj-oper shape and mo’, ing it away from 
the axis for successive cut s. 


Sciews are also cut with s('lirl ^lics either by liand or power, and with 
proper dies and c.aia; good w'ork will result. Nuts are generally threadc'd 
by moans of “taps” which are made of cylindrical pieces of stool having 
a screw-thread cut upon them of th(‘ recpiisite pitch; grooves or tluti“S 
are made parallel to the axis to furnish cutting edges, the tap is tapered 


off at the end to allow it to enter tlie nut, tlmnids arc “barked 

off” to sui)ply the necessary clearance. Bora||^’'''apping, the nut must 
have a plain hole in it of a diameter a little gteS^^V-han th(^ root, diam¬ 
eter of the screw which it is to fit. Jr% 

Screws cut by open dies that are gradually the seri‘\\>- is 

being cut ar(‘ not accurate, as the scre\ny'=^"' t,sid(‘ of the 

cylinder by the part, of tlu' die wh^L ^ the bottoiu 

of the thread on a considerably smj^K ^ die angle of 


cylinder by the part, of tlu' die wh| the bottom 

of the thread on a considerably smi^F ^ ..he angle of 

the helix is smaller the smaller t he cylm.r'' do,.ni ^ry,jr f 

the die at fir."!, iraci-."! ;i groove having a i^id’*Que to f - jaialler angle 
of tlie t^'dix at tla' bottom (;f (lie thread. As the dic-]:^ |ari‘ inad(‘ to 
appiTjJ I iwli other. lh(‘y tciul to bring back tiiis bclic^H^roove to the 
standj ^\l(;:id: this strains the material of th(5 thr<'a(ls, and finally pro¬ 
duces^ “w of a ilifferiait lca<l than that of the dio-plati's. 
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198. Screw Cutting in a Lathe. In cutting a screw thread in a 
lathe, the stock on wliich the thread is being cut turns at a speed such 
that it will have a surface speed suitable for the cutting tool. While 
the work is making one turn, the tool mast be fed along in a direction 


Foce Plata 



Tail Stock 
Screw Blank IV 





Fig. 240a 

parallel to the axis of the work a distaiu'e eipinl to the lead of the thread 
which is being cut. Figs. 2 lOa and.2-10b show' one of the siiniilest methods 
of accomplishing this result. n 

Fig. 24()a is the front view of the 
lathe and Fig. 24()b the end view. 

'rh(^ gears are lettered alike in || 

botli views. ^ A 

Many of tlu^ modei-.^ ;yilies use U 

a much more eli\^.,%'*i'e system ' ^ 

of gearing, hihj ■/“ f.;iown in the VT 
li?;ure servj^ij, -'trato the 

ryiurii^ , ;‘^-jdoi- ^ 

stand thai . ,.,1 lines ui i -^dj • ^ 

ones. u . ’ parts tho V 
In Fig.. ' *‘‘is’l<ler takey.iij 
whi(di the .'tl is tt>-,*i ^'cut. ^“ ’ 

I’liis is clan* 4o the face jdate by the dog .*^0 tlial both tm'V <o|:ethi’r. 
The face pl:^ -*’is fast to the spindle which is di iven liom tin' c(& ^pulley 
either directly or through the back gears. On the {)ppo.'<it(‘ «f.^'of the 


_ 








ones. 






Fig. 2401. 
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Kpindle is tho gear A driving gear B on the stud K througii one or two 
idle g{‘ars M and N according to the desired direction of rotation. Fast 
to th(^ same stud, and, therefore, turning at the same speed as B, is the 
gear C. This gear drives D tiu'ougti an idle gear. I) is fast to the 
lead screw which is embraced by a nut inside the carriage. The tool is 
supporU'd on and moves along with the carnage. 

Assume that the lead of the thread to be cut on the blank is - part 

. 1 

of an inch and that the lead of the thread on^^^ lead screw is - part of 

an inch. If the blank makes a turns in a unit of time, then the distance 

wliich the tool must move in that time must b(! a X also if h repre- 

n 

sents the number of turns which the lead screw makes in the same unit 
of time, b X jmust equal the distance the tool moves. Therefore, 

a X ~ = 6 X 7 - 
n t 


Therefore, 


b _ n 

a ■ T 


Angular speed of lead screw _ lea d of thread v'hich is being cvl . p. 

Annular speed of blank lead of thread on Lead screw ^ ^ 


Angular speed of blank lead of 

Now from th(‘ hnvs governing wli(‘<'l trains 


Angular speed of had srrete _ te eth in A ^ teet h in C 
Amjular speed of blank teeth in B teeth in D 


Therefoni, 


Teeth in A teeth in d lead of threWl^f ch is being cut . , 
Teeth in B ^ teeth in I) lead of thre^^'''h>ad screw ’ 

Cl . 

In any particular lath<‘ the teeth in gears A anjfcc^ ai*/known cjuan 
ties and cannot be changed. ^ ** 


tities and cannot be changed. ** 

The lead of the thread on the lead scr^'" si, 3 c The geam 

C and 1) (‘an be changed to givc^ t h^de jr* h ^ "^ad screw, 

the idl(‘r /i’ being adjust'd so as tl '‘. u i betwe(!n 

them. If the thread on t.h(‘ lead scre\n^ /-■' ^ da,ng both right 

hand or both left liand, tli>‘ lead screw mu)?f'“**i'n in tl^'. Ja* dinrtion 
:is th( ' A.).;-:. If OIK' thnwl is right hand and the othilf J j, hand, the 
haul si and tin* blank must turn in opposite dirf'CiCHis. This is 
adjusl<llP~H' tin idle gears .\f and N. 
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Example 44 . In Figs. 24Ua and 240b, assume that the lead of the thread on the 
lead screw is * in. left hand; gear A has 20 teeth; li, 30 teeth; C, 27 teeth, and O, 
54 teeth. To find the lead of tlui thread which is being cut on the blank. 

tiolulitm. Substituting in Eq. (66), 

20 27 _ lead of thread being ciit 

30 ^ M “ I 

Solving tlus equation gives lead of thn:ad which is being cut as J- in. That is, a screw 
of 8 throiids per inch is being cut. 

To (leterriiine whether a right-hand or a left-hand thread is being cut the direc¬ 
tions may bo followed throxigh by putting on arrows. If this'were doqp in the figure 
nhe arrows would indicate thatlpip blank find th(> lead screw are turning in the same 
dir(’ction. therefijrc, .since the load screw has a left-hand thread the thread which is 
being cut is left hand. If the lever R were Ihrowui uj) .so a,s to bring both idle gears 
irto use, the direction of the lead screw wo\ild be reversed and a right-hand thread 
would be produced. 

Example 46 . Referring still to Fig.*' anti 240b, a.s8ume that the lead screw 
and the gears A and li are the same a.s in lOxampIo 44. lA’t it lie required to find 
the numlier of teeth in C and D to cut 2t) thrends jut inch on the blank. 

Solution. iSubsntuting in Eq. (66),^ 


HencP, 


20 Ti'oth in f 

30 Toetli in ’/; “ ' 

'IWh 111 (' ^ 1 w y _ 1 

feeVh'rrr/; “ 20 ^ 3 ^ it)" 5 ' 


Then any practical siziHl gears may hi* u.sed a( (' aiul D provided D has five times 
as many teetli as as. for o.xaniple, 100 teeth m I) and 20 teeth in C. 


199. Worm and Wheel.* Fig. 211 is n picture' of ti ivoriu ami 
wlu'cl mechanisni niountt'd ou a fraiiu' so as to bo usihI as a motlol. 
I'ho worm is merely ti screw wliile the wlu'el is a gear with teeth so 
shaped tliat they mesh propmly into (In' sjitices of tiie worm thread. 
Tlie worm may lie right luuid or left hand and singh' or multiple 
Ihretuled. 


Just tis a scriiw, when turned, Jiiovos the nut along, so the worm, when 
turmal, pushi's the teiv' ’jjf^the worm wheel along, causing the whetd 
to turn. One turn^''" worm will move a point on the pitch circle 
of th(‘ wheel oyc * irc c<iual in h'Ugth to the pitch or h'ud of thi' 
wiji-m. Therc'l*^ ! .nler to causi' tht' wheel to make a coniiilete turn 
Ihe worm i/' ^ '->^any times as the load is contained in the 


circuiufi'renofctho wheel. 

\ ’ IMvrts the V' .If 

the ivli(‘i*l. takiV'-uk;/ 

'e... >_ 


D the pitch dianu'ter of 


Tlu'n 


I m . ^«orm 
'Furns ot wIkm'I 




Turns of wlu'i'l - Turns ol worm X 

* S('(! also C’hap. 


d(tw) 

& ,v 


it 

M 

f £» . 
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Again, the action of the worm on the wheel may be considered similar 
to the action of a rack on a gear. One turn of a single-threaded worm 
is the same as sliding a rack along a distance equal to the circular pitch 

of the wheel, or turning the wheel through ^ part of a turn, where T 

represents the number of teeth in the wheel. One turn of a double- 



Fio. 241 




threaded worm cbrn^sponds to moving a rac^^/(5g a distance equal 
to twice the circular pitch of the wheel, or tiu-iajT,^ wheel through 

2 * - . *Ci^ > • 

yp part 01 a turn. j 

Therefore, |he Ic 

1 


Turns of wheel = y, X turn 

JI L ^ 

Dr bo1j‘„^^, 


k 


'j- 


JiK t) ' v d 
V '* > 

. 


,dc 


(69) 


• ' of wheel - X turns of doidtle-thremlea^ ' i, (70) 

• :} Vf-/ 

urns of wheel ~ X turns (f triple-threaded wonn. (71) 
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Or, to express the same idea in more general terms, 

Turns of whe et _ Nun dyer of threads m worm 
Turns of worm Number of teeth in wheel 


(72) 


It will be noticed that the angular speed ratio of a worm and worm • 
wheel as expressed in Eq. (72) is the same as for a pair of gears, consider¬ 
ing the worm as a gear. In fact the worm and wheel do not differ 
essentially from helical gears, with shafts at right angles, and as has 
been stated in Chapter V it is not easy to determine where the line is 
drawn between helical ge^.|%and worm and wheel. Perhaps a general 
nu'thod of distinguishing between the two is as follows: 

In helical gears each tooth on each gear is only a part of a helix of 
la^^(' lead, whereas in the worm and wheel the wheel teeth are short 
lengths of helices of very great lead while the worm itself is a gear of 
one, two or, at any rate, very few teeth, each of which winds around 
on(;e or more times. 

200. Examples of Worm antt Wheel. 

Example 46. In the worm and wheel mechaniism shown in Fig. 242 lot it be 
required to find the munt'cr of turns of <he worii. that would be necessary to turn 
the wjieel 14 times. 

Solution. Applying Eq. (67), 

Turns of worm _ ir 10 

14 ■ - :g 28 ■ 

Therefore Turns of w’onn = ~ approximately. 


10^ 


Worm 


/.jj 6^9 

ro(~o 



k-i in eit ' < and . 

•(.w,s niJ lines at t ft* 

p, • . I'UI In'! the t*' 

/ ’ider taker 
./i42 






^ 3 



— 



F.tu't} Ci’-clt jf 
W'Ovj! IZ'dld, 

_ OUDrt’ , 

Fio. 244 


, J .1 ii 

Example 41131 l^tie cylinder C. Fig. 24:i, keyed to tne .same sliaft r'/orra 

wheel. It i.s rc1|| lin'il to find I hi' force /•' which would be ueeessary on tj^ /^and'e 

in order to raise the wciglit of 1000 lb. if frieliou is neglected. Jpij 
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Soltdion 1. First determine the ratio of tiio linear speeds of the weight and the 
point at which the force F is applied. If the worm is assumed to make one turn’jn 
a unit of time the liandle will have a speed equal to the circumference of a circle 
whose radius is the distance from the axis of the worm to the center of the handle. 
Therefore, it would be 2 tt 16 in. == 32 ir in. While the worm turns once the wheel 
wiU turn 

Lead .603 


Circumference of wheel pitch circle 


12 


turns. 


Since the cylinder C turns at the same angular spend as the worm wheel a i)oint 

603 

on its circumference will have a linear speed of - X ir 8 = .3353 nearly. 


Therefore, since the force is to the weight as ; 
speed of the point at which the force is applied, 

F .3363 


speed of the weight is to the 


1000 32 IT 


« or F = 3Ub. 


Holxdum 2. This problem might have been solved by a somewhat shorter method, 
as follows: Assuming the worm siuglothreadetl, the wheel must have as many 

fi-f tlj as the lead is contained in the circuu^reneo of the pitch |ircle, or = 76 

teeth. Tlverofore. one turn of the worm will cause the wheel and the cylinder C to 
make of a turn (see Eq. 09). Then, if the radius of the ctaiik were e(iual to the 
radius of C, the force F would be of the weight W. Hut .since the radius of the 
crank is 4 times that of C the force F will be i X of W or a,Li* * 

Therefore, F- YoV or 3i lbs. 

The .same result would be obtained if the worm werti not single-threaded, pro¬ 
vided the lead i.s th(? same. For example, assume the worm doublotlireaded, then 

TT 1^ 

the wheel would have 2 X -y..;’ or 160 teeth arul one- turn of the worm would cause 
the wh»‘l to makt- ,go of a turn (sec E(i. 70), which equals Vg as before. 
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201. A cam is a plaU;, cylinder, or other solid having a curved out¬ 
line or a curved groove, •'^ich rotates about a fixed axis "and, by its 
rotation, imparts motion to a piece in contact with it, known as the 
follower. 

This motion tnay be 1 ransmitted by sliding contact; but where there 
is much force transmitted, it is often accomplished b}'-'rolling contact. 

If the action of the piece is inteinutlent, it is sometimes called a 
wiper; that is, a cam, in most places, is (continuous in its action, while 
a wiper is always^intcrmittent: 
but a wiper is often calk'd a 
cam notwithstanding. 

Fig. 244 is a drawing of a 
cam known as a 'pUite cam, and 
Fig. 245 a drawing of a cylindc'r 
containing an im'gular groove 
and known as a qjlindnail 
cam. 

Very many machines, paiti- 
cularly automatic machines, 
depend largely upon cams, 
properly designed and properly 
timed, to give motion to the 
various parts. ? •* 

Usually a cam is ^ (g^ied 
for tlu^ special ''--Ve for 
which it is to b'''f^. L- /) most 
««« which ‘ice 

the c.,i,.iitio'''‘''',. 

, . • (.WS v nil tines at I “i, 1 

m (l('sig..inK ..; , 

a cert 

while the dri> 'upicig.-^. t ^‘sponding seru's of definite po!? ^ 

The relatic. ' 'tween the successive positions of the drivi.^^. ^ |tol- 
lower in a ‘‘‘notion may be represented b> means of a 
whose abscissjfc are lin('ar distaruH's arbitrarily chosen to reprcsiM* 

ly? 



Fig. 2t4 


'signing p-u-tw th- * |“VoIvo the spi'ed ratio, but assigns 

rtain se - cCuijdnr tak(^‘.UL«^ which the follower is to,.'issume 

*■ - - .OUlKl 


II 

7 I-l' 


I'.'am 

hgu- 
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pare the corrt^sponding dis- 


of th^ (5am and .lifjioso ore ^ 

of the follower fl^in ^;in^&|^sition. This is illustrf^ted ' 
2w, wibl^ho line'^J^ repres^jj^!'the mo Lion given by the cam. 
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The perpendicular distancjc of any })j^nt in the line fi|)m the axis OY 
ref)resents the angular motion of tlui driver, whih; tm; peri)endicnlar 
distance of the noint from OX repic'sents the corresijonding movement 
of the followc^r, from some point considcjred as a starting ])oint. Thus 
the line of motion Oahe itidieales that from the position 0 to 4 df the 
driver, tiie follower had no motion; from the position 4 to 12 of the 
driver, the followca- had a uniform upward motion &12,' anM from posi- 



Fig. 246 


tion 12 to 10 of the driver, the follower had a il^L; gp downward motion 
612, thus bringing it again to its starting-poini.^^,,; 

201 A. Diagrams for Cams giving Rapid ^ hjSfp';It is vjpv 
often the ease that a cam is required tej^'' . , aiw motion m a 

short, interval of tjmc, the nature•(Jftli|^i» It ,. * •' fixed. 'l'h(' 

form of the diagram for sueli a mo|^rr^. </ 7,*^ tJ 

In tj’tdiagiam showm in conneci^.,., , ’ ,i ollower had 

tw()^ 7 - motions, and if the cam be\it/.»'<o riw;^. (iiicklj^ (juite 

^1^ oeeur at each of the points where the n|j, changes, as 
(J) i c; to obviate this the forju of the <liagram*^^ be changed, 
provl k’ it is allowaVde t«) chaiig(‘ the n.iiure of I be motton. 





^OAMS 


Suppose a cam is to raise; 

/■ ■ 

nature of the motion to 
possible. 

For the straight line Oa the'c 
246), the body being raised fro 
o6; here the motion changes suddenly 



^mpidly from e to^f^g. 
tehpck 8i^i*‘be 


ini form ation 

fr __ 


'intcrvi 
Land a ac 


perceptible shock. The line Ocda would b'e an imp 





troportu 
apanied 
lont, the fol- 
towcr not i^^iring so gi'oat 
impuls^iat Ijie start or 
the end of Jthc motion 
being much more 
!ual than before. 
s"^rhe body may be made to 
’^^ve with' a harmonic 
motion, thediagi’am for which 
would bo drawn as follows 
(Fig. 24l)b): 

Draw the semicircJo c5/ on cf as a diameter; divide the time line 
Oh into a convenient number of (‘(pial fiarts (m tlii.s case ten), and then 
divide the semicircle into 1h«' same nnmber of equal pans; through the 
divisions of the semicircle draw horizontal lines intersecting the vertical 
lin(« drawn*through the corn^sponding points of division of the time 
line Oh, thus obtain¬ 
ing points, as a, h, c, 
etc. A smooth curve 
drawn through 
tlK^se points gives 
the full curve Oabed 
. . . n. Ifere’the 
body or follower 
rec(‘ives a vidocity 
increasing from zero 


at the start 


to. 

„.tif 


''r . 

A V •>* 



l''ia. 24Gb 


• Ail * T 

mj^ximum at tj^^^ (-.(Hal' when it is again gradually dimin¬ 
ished to zero, . L';. ■ -fits path. 

bis form ^ ^ ..mlsood results, and is satisfactory in 

many ol Its , - parts tlm ,/>/./ 

A body dr^ - -Oiviidor taker''. iil-.s no initial velocity at the s<‘'”t, but 
has a uniforn 'reasim ♦ city, under the action of gravj< ^ nl it. 
roaches the j ' '1: similarly, if the body is thrown upwar(u \7 it hi' 

velocity it striking the grouiul, it will come to rest at .a ;ight 

equal to that liom which it was droppctl, and iljs upward motiw « the 
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reverse of the downwani one, that is, a unifoinily retarded motion. 
(Sec §27.) . . . ' 

Tn designing a cam for rapid movoinenl. I ho motion of the follow(‘r 
should obey the same law of gravity, and have a uniformly acceleratwl 
motion until the middle of its path is reached, t hen a uniformly retarded 
motion to the end of its path. 

A body free to fall descends through spaetjs, during successive units 
of time, proportional to the odd numbers 1, 3, 5, 7, 9, etc., and the 
total space t)assed over equals the sum of l^se spaces. 

To develop a line of action acc^ording to^iis law upon the same time 
line Oh, and with the same motion ef, as b(‘fore, proceed as follows: 

Divide the time liiicO/i into anym-a nuriilxT of equal parts, as ten; 
then divide the line of motion ef into sucec'ssivi* spaces proportional to 
the numbers 1, 3, 5, 7, 9, 9, 7, 5, 3, 1, and draw horizontal linos through 
the ends of these spaces, obtaining the inters(‘(*,tions u', b', cf, etc., with 
the vertical lines through the corresponcling time divilj^ions 1, 2, 3, etc.; 
a .smooth curve, .shown dotted in tla^ figure, drawn through these point.s, 
will give the cam diagram. 

202. Plate Cams. A plate cam imparts motion to a follower guidcjd 
so that it is constrained to move in a plane which is perpendicular to 



the a.xis about whicih the cam rotates; that is, in a 
plane coincident with or i>arallel to the; phuie in which 
the cam it.v(‘lf lies. The character of the motion given 
to the follow('r (h^pends upon tin* shape of tlu* cam. 
The follower may move continuously or inter¬ 
mittently; it may move with unifomi spei'd or 
variable sjieed; or it may havii uniform speed part 
of the time and variable speed part of the time. A 
knowledge of the various types of plate cams, and an 
idea of 1h(i manner o*i^||iacking the problem of 
d(‘signing a cam for any spBrijg purpose, can best be 
obtained by studying a nuinl|g,^,^ examples. 


yv 


Example 48. A cum i.s to be 
247), which lurns .as indicatc'd 


7 ), which (urns .as indicat^ ' . . ai 

jh that I lie point,(^ tharffj.., * 

)tion from A to Tjfchl* rj.- ♦ 


.rns 


follfl • 

ISO'V 

(AyH 

divLsil 


I motion from A to ♦ 

Fig 247 lowen'd again to ti^K ‘ 

-I- turn of the cam. '1'^^ ' 

(Ki^. 24S.) Diaw a circh- throu^!l*^'7 
ill, vise from A to li wliiie the cam make.s ono-Iialf a t» 
C sinee the cam shaft tiirn.s at uniform sjieed, divide ? 
VM into any numbiT of Kqunl angles by the lines Ca, ('h. 


r/ e.'im shaft (Fig. 

Oic cam is to be 
with uniform 
ilf a turn, and 
‘■y^je second half- 
,111 spei'd. 

' I'^Yer. Since the 
ji e turns tlirongh 
t bdf of the circle 
Fn and f.'c. Four 


iro made in the illastration, although for accurate work a greater number 
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would be desirable. The divisions are made oii the side which is turning upward 
toward the follower, that is, back on the side from which the arrdw is pointing. Now, 
divide the distance AH into as many parts as there ai“c* divisions in the angle AVW. 
Kinee the follower is to rise from A to li with uniform motion, the divisions of Ali 
will (’.qual. That is, A to 1 = 1 to 2 - 2 to 3 = 3 to /J. Wlicn the cam has 



•K-i in 

'<-WS 

made one-foniii 
this liiK', foiim*^ 
cam which }vill 


,s / .and 
lal lines at t 


Fk!.^248 

.> t* 


’ parts the f ; 'line Ca will be verti(\al. .\ point m on 
f^mfilider takes^'.m,o I wilh center C, nill be the the 

he he.;, -f ibove tlie center when (he ejiin ha^ * ..ane- 


fourt.h of one-h 
be at 2 when 1 h,j, 


ilution. Similarly, n will be the point on (he cati,^^i^ 
,ii has turned one-half of the half revolution, p and r 


in the same wa.ier'.V drawing ares through 3 and // cutting the lim s Cu 
ri-spi'ctively. j 


il (V, 
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A smooth curve drawn through lh(! points 7 I, m, », p, and r will be the correct 
outJine for that fwrtion of the can) which will raise the follower i)oint from A B 
as specifiwl. Since the* follower is to be lowercKl from B to A, also, with uniform 
motion during the remaining half iurn of the cam, the other half of the cam outline 
will bo a dnijlicate of that already found. 

Example 49. Data the same as for Example 4S, )>\(;ej)t that the follower, instead 
of having a imint shajK'd as in that case, has a ndler, as shown in Fig. 249, on which 
the cam acts. 'I’he ('onstruetion 


is show'll in Fig. 2.">0. It is neces¬ 
sary first to find the outline of the 
cam for ii foll<t\v('r like that in Fig. 
248, tlie point of the follower 
bt'ing assunu'd to !»' at tlu* cemter 
yl of the roller. Fig. 250. Tlie 
construction of this curve is 
exactly the same as explained for 
Fig. 218 and i.s lettered the .same 
in Hg. 250, the* curve, itself being 
dr:i '‘i as ii dot and dash line. 
4'})iis is called the pitrh line of tin* 
cam. The. next pti'[' is to .set a 
compass to a radius equal lo llie 
radius of the roller and, with 


■t'- 



Cam Shaft 


Fni. 249 


hf 



center^rj^ 
truf 
tha 
the 


arc 


,1 



/ 

' n 


V 


^ /' 

p 

'/ / 

y 




i 


frcfjiienl intervals on the pite 
.. itline i.s .1 smooth curve drawn tan<i 
li-^**,itt)f tangency will not ii(‘cessarily iTeTm tin* line' 
[1 C* the cenler of the cum. For in.stance, con.sider tlu 
it 'I'he cum curve htipiiens uj strike this urc ut y/, not u( 
c^ ilu* line ('!■ 


'‘i 

TiK tJ 

d<* :rdl,‘ dotted. 

i.se are? |lli^hould be nott'd 
tlie line® | ([.g tlie e(*nter of 
Ijjlrawu with a us 
point when; the 


The 
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Thia condition often prevents the cam which ucfs on a roller or similar follower 
from giving exactly the same motion as would be obtained from the “pitch line” 


cam acting on a pointed follower. '^Phis is likely to be true 
at convex places where the motion changes suddenly. 

Example 60. Ciiv<'n a follower with a roller as show’xi 
in Fig. 2.51. 'Phe lowest position of the center of the 
roller is a distance N abovxi the center <xf t,he cam shaft, 
and the line AB along which the center of tlie nillcr is 
guided is a distance D to the right of a. vertical lino 
tlirougti C. That is, the center of tlie cam shaft is 
offset a distance D to th<! left%( the line of motion of 
the center of the follower. To draw the raitline of a 
plate cam w'hich, hy turning as .shown by the arrow, 
shall raise the ctmter <»f th<‘ rolha- from .1 to li with 
uniionu motion while the cam makes one half a turn, 
then lower it again to A during the .second lialf r< ', </lu- 
tion of the cam. 

Solulwri. Fig. shows the solution of this prohlein. 
iilarting w'ith (J, ifteale the center A^)y ineMsiinng u 



di.stance D to the right of (' and a tlistanee N abovi' (' 
Draw a line Ck through C and .1. Since tin; upward 


motion is to take* place during om'-half turn of the cam, measure back hSO'^ from ('k 


and draw Ce (that is, kACe is a straight liiu'). Divide (he angle kCe into any 



c/ 


Fto. 2.52 

convenient muni. A* of etpial parts a.s l)efore (in (his 
tv/, Divide AH into the same number of e<)u:il part'-, 



, Ch. 

t ll.st 
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with uniform speed. From C jis :i center swing an arc through 1 cutting Ck at 5. 
Cut Ca with the same arc at= 9. Make the length 9-10 equal to 5-1. Then 10 Ls one 
point on thi' pitch line of the cam. In the same w'ay point 12 is found by making arc 
11-12 equal to arc 6-2, and, similarly, all the way around. The true (!am outline is 
found as before by drawing arcs with radius ecjual to the radii of the roller, and with 
centers on the pitch line, and then drawing a smooth curve tangent to these arcs. 

Example 61. Fig. 253 shows the. method of laying out a cam to move; a follow(*r 
from A to li with uniform motion during onc-quartcr turn of the cam, hold it at li 
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oxtcnd from 16 to 18, the point 18 beinR found by extending the cirrln to cut Cf at 
17 and making the (iistanc^c 17-18 equal to 15-16. 'Fhe cf)nstruction for completing 
the ^itch lin<‘ is exactly similar, and llie ram curve prop(T is obtained as described 
in the previous examples. 

Example 62. Kig. 254 is a ram which raises th(‘ renter of the rolh'r from A to 
B with harmonic motion during one-third of a turn, allows it to drop to its original 
position in.stantly, and holds it there' during the taanaiiiing two-thirds of a turn. 
The angle kCf, through whi(‘h the ram turns to rtiise the roller, is laid off (120“j and 
dividc'fl into an even mimber of equal parts. Since tin; roller is to rise with harmonic 
motion, a sornioircle i.s drawn with AB as a diameter, and tlie cirruui<<3rence of this 
semicirch; is divided into as nuu^equal parts as there, are divisions in the, angle kCf. 





From the points < • 4 on tills srinirirrle perpendiculars are drawn to the lino 

Air, UK'eting it dill .vlnai • 3. 'rhese points are the points of division of AB to 
be used in lind!|^i|. ^.ifJ .^u^the cam, which is found as prcviou.sly d(‘.scril)ed. 
'I’hr last point ^ „es t^i? follower is 16. Since llu' follower is to 

drop instantly ' ‘ i ^ rom 6 to 17, the pj»int. where an arc- through 

A ruts f'/. 'I • ..n Jjjpj. taker^ eirele abonl (' Ihrongh 17 nrnund 

tod. 

Example 63. i ig. 25.5 a rain is to lx* |)lared on the sliiift iil f' (o ^ ,,llor 
eenlered at .1 on hr rockc'r ART. Another roller eontered :it T on llir x' lits 
a slot in lilt' .slider N. 'I'ho cam is to be of such .shajK' that, by turning m‘ iiown 
,iy tlu' arrow, it will move the slider with harmonic motion to the positiff . lowii 
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dotted dxirlng ono-hfilf turn of the cam in the direction indicated, allow it to return 
to its original jKJsition, with harmonic motion, during tlu? next I of a turn and allow 
it to remain at r<ist during the remaining I of a turn. Fig. 25G shows the con¬ 
struction. 

Example 64. In Fig. 257 lot it be required to de.sign a cam to be placed on shaft 
O to raise slider A to Ai during ^ of a turn of the cam, allow it to drof) at once to its 
original position and remain there during the rest of the turn of cam, the charac¬ 
ter of the motion of A to be unimportant except that the starting and stopping 




shall be gradual, 'riu'- t-aro 
connecti'd to the slider ’ ' 


o act on a roller on the rocker BCD, the rocker being 
c. link BA. 


Solulwn. Fig. .ic-st draw the motion diagram'assuming uniform motion 

for,.1. 'Phis is sj’’' . t dotted line tan. Next sub.stitute for this line the line 
shown full, the * (puai f which is straight, having more slopi' than the original 

Un<> anil conneloi it] ^vill'.ts I and Un by jairvi's drawn tangimt to the sloping line 
and tangent t< f,^v,s i- lai lines at t and 

Subdivide n ,,,^,iial parts tlie distance itn, which rei)re.si‘nts tin* J tirrn during 
which the motion of the slider takes place, eri'et ordinates at these ]>oiiP- cutting 
till' motion plot at, points Oi, Os etc., and iwoject these ])oiiits on to of 

getting Ai, A«, etc. From Ai, Ai, etc., with radius Ali cut an arc dra ^ ‘it C 
with radius CB, getting Bi,Bi, etc. From these points draw lines thrnugf <' ‘ Hing 
the arc of radius r*/,? at D\, Da, etc. 'Phe cam is found from these points as ii^ , Vious 
e.xamplcs. M ■ 
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203. Positive Motion Plate Cams. It will ho noticed that in each 
of the cams which liavo boon disenssod, 1h(‘ FoIIoavct inhst bo held in 
contact with the surface of tlu' cam by some ( xternal force sucli as 
gi'avity, or a spring. Th(j cam can only -forc(! llie follower away from 
the cam shaft, while some oulsidi^ force must Ln ing it back. In case 
it is desired to make tlio cam positive in its action in either direction 
without depeniling u|X)n external force, the cam must be so constructi-d 
as to act ()n both sides of the follower’s roller, or tlicre must b(? two 
rollers, one on (*ither side of the cam. I'ig. 259 shows a cam d(isign(‘d 



to give tlie same nir Vn to the same follower as in I’ig. 200. In Fig. 
259, however, tiif •' 'h line of tlu* cam is madii tli(' ctmter line of a 
gi’oovc of a width c(fnat to the ioIUt diameter, thus enalding thc‘ cam to 
move tlie roller in either direction. 

Fig. 200 slir.ws .mother style of Positive motion c:mi. ’Pin’ I'ollowcr 
consisis of :! frnnn'work cjinying twt) rollers, one, rolN'r (\ v('^ting on 
cam .1, which is d(‘signed so as to giv(' whatever motion is dj|',m„'j«l for 
the follower. Tlie other, roller /), ri'sts on c;iin /'. which is <1 1 to 

be in contnet Avitli roller />, the position of the deiiendint’i 'urn 

upon the [)()sition of llie rolUa’ (\ It would lx* possible to liaA. ^)oth 
r^)ll(*rs touching the same cam, but in that case tlu* niovemei^ ; ‘ th(' 
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follower could only ho c1io^!(mi for one-half a turn of the earn, the other 
half being dotorinimHl by llu' shape of the cam necessaiy to be in con¬ 
tact with both rollers. 



Fig. 260 

204. Plate Cam with Flat FoUof/er. — Example 66. The follower 
for the cam shown in Kig. 261 has a flat plate at its end instead of a 
rollei^giTh(‘ cam is so th'.signed that, when it turns right-handed, (he 
folkiff,ill , raisi'd with harmoiiic motion whihi the cam makes one-third 
of ® c‘) th(‘n remains at r(‘s( during tin; next third of a turn of the 
cam% ill i.s lowenxl with harmonic; motion duihig the rcanaining third 
of a S 
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If the center line of the guides in which th(‘ follower moves does not 
pass-through tlie center of the cam, Ihe shape of tlio cam is not affected, 
provided the direction is the same. 

Solution. The nwithod of construetioii is as follows: Assutninp; that the follower 
is shown in its lowest ixtsition, measure up along a vertical line pas-sing through the 
center of the cam the distance o8 which the follower is to move. Divide this into 
any even, number of harmonic divisioii.s, eight being use<l in the drawing. Lay back 
the angle oEni ecpial to the angle through which tlui cam turns while the follower 
is being liftp<l. Divide oEm into as many cqufd angles as there!* are harmonic divi¬ 
sions in the line o8. Through ptM^t I swing an arc with E as a cetitA' cutting the 
first radial line at w; through to uraw a line ppri)endicular to Ew. 'I'hrough 2 draw 



an arc cutting the .second radial line at r .and draw through r a line perpendicular 
to ^’c. In ii siniiliir way draw perpendiculars to Eii, El, Er, Ep, En, and Em. A 
smooth curve tangent to all of those perp(‘ndicular.s wdll Ix' (he, outliiu' of that i)or- 
tiou of the caiii which raises the follo^ver. 

Since the follow'cr is to remain at rc‘st ^fhilp the cam turns througli lhi‘ next 120“ 
the outline between the line Em and the line Ek 120° away from Em will be an arc 
of a cirt:lc througli m with E as a ecnt('r. 

The outline, of the portion of the earn ■wliieh lowers tin' follower i.^ found in a 
manner similar to Unit described for raising it. 

If the foot of the follower made an angle 0 with (he center liiu* of its pat’i ''iiig 
other than 00°, the construction lini's at c, d, r, f, ('tc.. ni.slead of being dr^, per¬ 
pendicular to Ec, Ed, Er, Ef, etc., wouKl be drawn making an angle 0 with tlip . linos. 
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206. Plate Cam with Flat Rocker.--Example 66. The cam in 
Fig. 202 actual('s IIk' fol1()\v<‘i- >S' tlivough tlio rocker R which is pivoted 
at F. >S' slides in guide's, :iiid remains still while the cam makes a quar¬ 
ter turn right-handed, th(‘n rise's to th(‘ upjM'r elotted position witli 
hannonie; motie)n during a eiuartor turn of the cam. During the' next 



quarter turn the followe^r elrojis with harmonie; motion to its original 
posit iem, and re^mains at rest during the last quarte>r turn. The foot e)f 
the followe'r is a somicirclei with cemter at o, resting on the' upixa’ /lat 
surface of lim rocker. 

To find fum outline, first divid^^he distance oO into iiannouie spaces, six 
being list'd in tins case. The-s<' points of lUvisions are (he successive positions of tlie 
center of the seinieirde. J^iUM aics of the eirclo with each of the points, 1, 2, Jt, 4, 
.5, 0, as eenlers. Draw the dofled circle K tangent to the upper surface of tin; 
rocker produced. Next, draw iiu hues a. h, c, <!, e, and / tangent to cirele A' and 
(xj theses drawn at I, 2, It, 1, o, and 0 lespeetively. I'arallel to, and at a distance 
T froimluu'S a, h, r, etc., draw lines f/, fi, i, j, etc., cut ling the viTtieal line through 
th<' ei® I'enter (' it 7, S, h, 10, It, atul 12. 
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Since the fullewor i.i to r<'main at rest during a quarlc'r turn of the. cam, tho out¬ 
line of tlie cum over llio niigle y\ is ;in arc! <»f a circle ^\ith radius (!JC. 

Since the upward iiiovemeiit taki s i)lace during a ([iiarter turn, or U()“, lay olT 
angle li equal to OO” and divide' it into as many equal angles as are harmonic, 

divisions in oti. Lay oiT ri-1 ecpial h) ('7 and through point 11 draw a line making 
the same angle with (.’ll that line </ niaki'S with CE. lhaw similar lines through 
caeh of the other radial lines Cl.'), CUt, (,'I7, L'lS, and (,’11). The cam outline' will 
be a sinootli curve tangc'nt to all the) linos which have' hc'c'n thus dra\\n. 

A similar coastniction is usc'd for tinding the curve for the part of the ('am wliich 
lowens the follow ('r. The last part of the cam, over angle h\ will lx; a circular arc 
to giv(' the i>eriod of rG.st. • 

206. Cylindrical Cams. — Example 67. The general appearance of 


a (.‘^'lindrical cam has already 1)(*('U shown (sc'e I'ig. 245.) Fig. 203 gives 


dii'U'nsions for llu' hub tind gi’oovv' for ti 
cylindrietd cam which is lo hold » follower 
still for ono-cighih turn of the cam, movi? it 
2 in. to the right iu a line parallel lo (he axis 
of the cum, with fmiformly accel(%t('d and 
Linirormly V('tai‘d('d motion (see §201 A) 
wliile the cam mtiki's tliK'iM'ightlis turn, 
hold it still for one-t'ighth turn, and return 
it to its original position with similar motion 
in thro(veighths turn. 



Via. 263 


Solution. I'lie solution of this jirobhim is shown in Fig. 264. The 
upper left-liand vimv is an end vi('w of i,he cam, tho upper right-hand 
view is a side eh'vatioii of the cam. 


’^I'u make the drawing, proceed :i.s follows: 

Locate the center liiu' XX'. On the line XX' choose the point C at any con¬ 
venient place and draw the circh' K whose' radius is etpial lo tlu' outside radius of 
the. ('.ylinder. Also draAV the dott('d circle 1* with the radius equal to (he outside 
radius minus the depth of the grjjg^u'. Draw' the vi'rtical cenU'r line YY'. Lay 
hiiclv the angle YCB equal to J of that is, 45°. Thi.s is th<' angle through 
wliieh tlie c:un mil turn bi'fore the follower starts to move. Sinei' the niovi'ment 
of the follower is Lo take place during the next throe-eighths of a turn, the cam will 
turn through the angk' BCY' to give th(' motion to thi! follower. Sinc(' the follower 
is t.() remain at rest during tho ne.xt one-eighth turn, the angle Y'CT etiual to -1.)° 
will n(!\! lie draw’ll, and the remaining angle TCY will be tlie angle through which 
tho cam will turn to move' the follower hfck to its original jiosilion. .\ow% draw 
the center lim' MX' at itny convenient di.stance on thi' right of the figure already 
drawn, and locate the point 7? on this line at a distanci' fiom A'.V' (xjual io the out¬ 
side radius of the cylinder. On a horizontal line drawn through P.' locati' the points 
A’ and (/, ('a,eh at a distani'C from PJ ccnial to llw' radius ol the roller on v hieh tlx' 
cam is lo act. Draw //./ paralh'l lo PC !i( a distanci' rr..m it ((lual to llie «' illi of 
ihe groove. Through A’ and (,' draw' line.s to llu' point /. wht'rc .1/,V mtcrt^',.« the 
axis XX'. That jiortion of the line IfJ intersected helwc'en P'l. and CL wM e the 
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width of the groove :>t the hoiloin. Before it is jMJssible to proceed further in the 
construction of this side oloviitiiui of tlu* cam, it is necessary to make a development 
of its outer surface. Draw tlw; line M'N' equal in length to the circumference 6f the 



Jyay off M'fi' equal to the P of the jin; YJi aud IS'Y '2 etjual to the length of 
the ’AKliY'. Divide li'Y't into any even number of equal |)arts, in this case eight, 
and l#er points of division o', //, c', d', c’, /', and (/. Throtigh the points thus 
fount® -aw verli.-al lines. On the vertical lint* through M' lay off M'S etpial to 
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the distance through which the follower is (o move, and divide it/'8 into “gravity” 
divisions (.see § 201A), using a.s many divisions as there are equal divisions in B'Y'z. 
Mark the points thus found 1, 2, 3, 4, o. (i, 7. I-'rom 1 project across to the vertical 
through a'. From 2 project to the vertical through h', and .so on, (hus getting the 
points 9, 10, 11, 12, 13, 14, Ih, and 10. A smooth curve drawn through these points 
will be the development of the center lini' of that portion of the cam groove which 
moves? the follower to the right. Make Y'/F' eefual to the length of the arc Y'T. 
The development of the centt'r line of the groove between the verticals at F'l and 
T‘ is a horizontal straight line. Since the return motion of thi; follower is a dupli¬ 
cate of the forward motion, the curve 17A''', Ix’ing a duplicate of the curve yi'lO, 
will be the development of the «»nt(T lini' of that portion o'f the earn*groove which 
inoVes the follower back to its (Original position. 

The above construction gives a (h'velopment of 1he cimter line of the groove on 
the outer .surface of the cylinder. Tlie lines forming the development of the sides 
of the groove are smooth eurves drawn tangent to ares, swung about a series of 
centers along the line M'B' 10 17 N' with radii equal to the raihus of the large end 
of the roller as shown in the drawing. Si"id!.i eiir\es drawn tangent to arcs swung 
about the same centi'rs with a radius ('(pial to tlie radius of the large end of the 

inning tiic .«i(le.s of the groove, will be the 


roller plus the ihicl^i'ss of the. Ilunge ^nning t 
development of the out er edge.s of thescHlangt's. 


'I'he development of the corners of tin* bottom of the groove is constructeii in the 
same W'ay, except that the length of the develoyimeuI is less, because it is a devclop- 
ment.of a cylinder of smaller rafiius. 

The projections (on Itu' side eh'vation) of the eurves which have just been de¬ 
veloped are drawn by finding the projeetioiLs correspomliiig to points r', s', I', v', 
where these eurves cut tlu' vertical line, it being borne in mind that the vertical lines 
on the development really represi'iit the developeii jiositious of elements of the cylin¬ 
der, drawn through points a, b. c. etc., which aie found by dividing the arcs BY' 
and TY into division.s equal to the divisions in B'Y'i and T'i\'. The construction 
for the points r', s', I', and e' onlj' will be followerl through a.s the construction for all 
other points will ho exactly similar, 'riirough h on the en<l view' dnuv an element 
of the cylinder across the side eh'vation. From r, w'heri' this element intersects 
MN, lay off el equal to b'l', eo equal to b'e', to the right of MN since /' and v' arc above 
M'N', and equM to h's' and <r equal to to the left since s' and r' are below 
M'N'. The points r, s, t, v, are tlu' projections of jioirits corresjionding to r', s', t', v'. 
Projections of all other points w’he.'<l*lhe curves inter.scet thi* vi'rticals on the dcvclop- 
iiK'nt arc found in exactly the sami' way, and smooth curvi‘.s drawii through the 
points thus found will be the [irojections of the corners of the groove, and of the 
flange enclosing the groove, 'riie, projections of the corners of the Ixittom of the 
gnjovo are obtained in the same way al.so, using, of course, ehniients through ih, bt, 
etc., insteatl of a and h. 

207. Multiple>tum Cylindrical (Am. Fig. 265 shows a cylindrical 
cam which rc(}uires two rcvohilion.s (o complete th(‘ full (yclc of motion 
of its follower. The method of designing such a cam would la* similar 
in principle to that, described for the simple cam in Fig. 204. The fol¬ 
lower in a ca.se lik«' this may require^ a special form in order to pass 
projXTly the places wlu're the gi'oovc crosses on itself. This a sug- 
gestetl in h"ig. 266. Tlu' follow'(‘r F is made to fit the groove .sjP. wise, 
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and is arranged to turn in the sliding rod, to wliich it gives motion in a 
line* parallel with the axis of the cam. The guides for this roil are 
attached to the bearings of the (\-«n, A and B, which form a part of the 
frame of the machine. A plan of the follower is shown at G: ,its (‘Ion- 
gated shai)e is necessary so that it may properly cross the junctures of 



Q 

^ Fkj. 2ti(i 

the gi'oovo. In this cam tluin; is a period of rest during onohalf a turn of 
the (;am at each end of the motion; tlie niotien from one limit to the other 
is uniform, and consumes oiui and one-half uniform turxjs of the cam. 

The cylinder may be increased in h'ligth, and the groove may be made 
of any desirable lead; tins period of rest can be reduccid to zero, or in¬ 
creased to nearly one turn of <he cam. A cylindrical cam, having a 
right- and a left-handed groove, is ofti‘n used to produce a uniform vo- 
ciprocaling motion, the right- and left-handed threads or grooves passing 
into each other at the ends of the motion, so that there is no period of rest. 
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The period of n^sl in a cylindrical ram, like that sliown in l-'ig. 2GG, 
can be prolonged through iu‘arly two turns of tin' cylinder by #cans 
of the device shown in Fig. 2G7. A swilcli is placed at tin* juuc^'U of 
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the risht- and left-lutiuled grooves willi the circular groove, and it. is 
provided that the switch shall be capable of turning a little in either 
direction upon its supporting pin, while the pin is capabh? of ti slight 
longitudinal movement parallel with tin; axis of the cylindei’. This 
supporting pin is constantly urged to the right by a spring, shown in A, 
whicJi acts on a slide cai-rying the pin; when in this position the space 
a b(jtwe(‘n the switch and tlio circular part of the groove is too small to 
allow the follower to pa.ss, and when tlie follower is in the position 
shown ill the spring is compressed; then, if the follower moves on, 
the space behind it is elosi'd, as the spiing will ti'ncl to push the sup¬ 
port to the right, and swing the switch on the folloAver as a fulcrum. 

If the cam turns in the direction of the arrow, in the shuttle- 
shaped follower is entering the circular portion of the groove, and heaves 
the switch in a position which will guide tli(‘ follower into the cireular 
groove when it again ri'aclii's the switch; in B the switch is pressed 
toward the left to allo^v the follower to pass. As n\otion continues, the 
support of the switch is pressixi to the right, ami trie switch is thrown 
into the position shown in C ready to guide the shuttle into the return¬ 
ing groove. The period of rest in this case continues for about one 
and two-thirds turns of the (tylinder. ' 

Fig. 2(>8 shows an aiTangcment which may be applii'd for guiding a 
wire or cord as it winds ujwn a spool. The hub of the sheave is bored 
to fit the outside of the shaft. 'The shaft is statiemoy luut has a right- 
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handed groove ami a left-liaiuled groove cut, in it, and is therefore a 
stationary cylindrical c un. On the side of llu' sheave is a proji;ction 
which supports thi* pm on w'hicli the speciallj' constnictcil follower is 
cariiial. Tlie wlri' or cord, ]iassing over the sheave, causes it. to turn, 
amkas it tiirrLS it receives a reciprocating motion along the axis of the 
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^08. Cylindrical Cam Acting on a Lever. If the follower for a cylin¬ 
drical cam is a pin or roller on the end of a lever, so that it moves in 
an arc instead of a straight line, as in Fig. 209, an exact construction 
would require that allowance be made for the curvature of the path 
when making the development. Tliis degree? of j-c'firiement is usually 
unnecessary, from a practical point of view, and the cam may be de¬ 
signed on the assumption that the path of the followiT is a straight line 
paralhil to the tslements of the cylinder. 

If the lever is in a plane passing through the'axis of the gam, as in 
Fig. 270, the end of the lever Aay l)e considered as one tooth of a worm 



Vui. 
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wheel or helical gear, and ho giv(‘n the form of sucli a tooth. The cam 
itself then eoiTcsponds to t he worm or to the mating helical gear except 
that its groove is not nc'cessarily helical. 

209. Combinations of Two or More Cams. In various automatic 
machines the movt-monts of pajjJ^ whi<’h have to be timed with respect 
to each other’are oft<‘ii obtained by the use of two or more earns properly 
designed, and properly adjusted to give each piece its d(?sircd motion 
at the req\iired time. Fig. 271 shows how a cylindrical cam and a 
plate* earn might be arranged to work in combination with each othei’. 
In this case the cylindrical cam makes two revolutions for every one of 
the plate cam. The cylinder R is caused to swing back and forth by 
the lever S which, in turn, is operated by the plate' cam. 

Witli the mechanism in the position shoAvn, the cylindrical cam makes 
ono-cighih turn in the direction shown, after whicii llie pin T starts to 
move to the right with harmonic motion. T moves lo th(‘ right IIk* total 
distance of 12 in., during 1 hree-eighths of a turn of the cylindrical gini, 
after wliich it remains at n'st for one-(?ighth turn of the cam, th«‘ re- 
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turns to its original position during the remaining three-eighths turn. 
The plate cam is so designed that, turning left-handed as shown, the 
cylinder R begins to turn after T has moved to the right | of an inch. 



It continues to turn with uniformly accelerated and uniformly retarded 
motion until T gets back again to withi^f of an inch of its left-hand 
position. 

The hole W will then be in the position now occupied by th(‘, hoh; V. 
R will then stop its motion and T will be insertcid into the hoh^ IE. 
During the next revolution of the cylindrical cam T has a motion the 
same as before, and the plate cam swings the cylinder R back to its 
original position. f 








CHAPTER X 


FOUR-BAR LINKAGE. RELATIVE VELOCITIES OF RIGIDLY 

CONNECTED POINTS 

• 

210. The Four-Bar Linkag|| will be discussed fully in a later chap¬ 
ter, the purpose of the present chapter boinj; to study the relative linear 
v(;locities of connected points, particularly points on a linkage. Only 
siicli (ionsidcration wall be given to the linkage itself at this time as to 
make it possible to study th(* velocities underslandingly. ‘ 

Fig. 272 shows in a simple form a .nechanism known as a four-bar 
linkage. E is a fixed piect^, such as the frame of a machine. A 



and D are shafts having their bearings in E. The line joining the 
(■('uters of A and 7) is called the line of centers. The piece F, calk'd 
a crank, is keyed to A. // is a similar crank keyed to D. The outer 
ends of F and II are connected to ea|li other bj'’ tlu^ connecting rod K 
and the crank pins B and (7. B may be made fast to K and be free 
to turn in tlu' hole in F or it may bo fast to F and free to turn in K. 
Similarly, the jiin C may bo free to turn in eitlu'i’ 11 or K. 

If shaft A is caused to revolve, tin* crank F will revolve with it, the 
center of the pin B moving in a circle whose center is llie center of A. 
This movement of B will, through the connecting rod AT, can* the 
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pin C to move, and since C can move only in a circle about the center 
of D the crank H will be caiisotl to turn, turning D with it.* Each 


D !/' 
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one of the pii^ces, E, F, K, and II, is calk'd a link, and the whole 
system is called a four-bar linkage. 

It is convenient, in studying linkagc^s. le indicate them by the center 
line.s of the links, as shown in Fig. 273 whi(*h r<'])r('seiits the same linkage 
as that showai in Fig. 272. 

211. Four-Bar Linkage with a Sliding Member. In Fig. 274, tlu* 
end of the connecting ro<l carries a bl#'.*k, [)ivole<l to it Vi C, which slules 



Fig. 274 


back and forth in the circular slot a,s the crank AB revolves. The 
center of the slot is at D. 'the cenler of th(‘ crank pin C ('vidently has 
the same motion that it would have w(‘r<^ it guid(‘d by a (a-ank of hmgth 



provision is ncccs-sary f*)r passing t,h»- i)ositifm.s whore the connecting rod 
I crank come into line with other. 
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DC turning about D. Tho niechaiiisin, th(;refore, is roally a four-bar 
linkage with the lines AB and DC as center lines of the cranks, AD as 
the line of contei's, and BC as th(i center line of tlie connecting rod. 

Let it now bo supposed that the slot is made of greater radius than 
that shown in the figure, for example, with its center at Di. Then the 
equivalent foui'-bar linkage would be ABCD\. 

C'arrying the same idea still further, let the slot be made straight. 
Then the equivalent center D would be at a point an infinite distance 



away.. The meohanism, however, would still b(‘ the equivalent of a 
four^bar linkage*, as shown in h'ig. 275, where AB is one crank, the lin(^ 
through (■ perpendicular to the slot is the other crank, BC the con¬ 
necting rod, and a line through .1 parallel to the crank through C is 
the line of centers. 

Fig. 27() show's the special form in which this linkage commonly 
occum, where the center line of the slot passes through the center of 


ti 



the shaft *-1. This is the mc'chanisni formed by the crank shaft, crank, 
connecting rod, crosshead and (Tosshead guides of tlu* reci pro jilting 
steam engine. 


0^1 
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212. Relative Motions of the Links. In t he four-bar linkage shown 
in Fig. 277, A and D arc the statiotiaiy axes, AB and DC the cranks 
and BC ^le connecting rod. if the crank AB turns from the position 
shown^ in full lines to the riglit-liand dotted position — that is, turns 
through I;he angle BABi — tlu' pin B will travel over the arc BBu This 
will cause the connecting rod to move and push the pin C along its 
path to C\. 

It is apparent from the figure that the length of the arc CCi is not 
equal to the Jength of ttte arc BBi. In otlua- words, with the several 
links having the relative lengths as hor(‘ sJiowii, the linear speeds-of 



the crank pins will diffia-. If, furtlierinore, B is iiiov(‘d (o B^, (' will 
move to Co. Now the arc BBi is tiiadc* equal to BBu hut CC 2 is evi¬ 
dently not equal to Vi\. I'lns construction, th(‘r.‘fore, suggests that 
if the crank AB is turned willi unifonn angular speed so that the crank 
pin B has a uniform linear speed, i1k‘ crank i)in C has a varying linear 
speed and tht; crank D(' a Viirying angular speed. It will bo shown, 
later (see § 227), that the niolions of the links of a specific four-bar 
linkage relative to each other art; always th(|,same whichever of the four 
linlts is the stationary ont'. 

It will be apparent also, \^'h('n the prectnling statement is shown to 
be true, that the relative liuoir irlncitiee of points on any of the links are 
indeptMidt'iit of the fixcdnt‘'^s of llu; links. • 

213. Graphical Representation of Motions and Linear Velocities. 
Foi’ c()nvenicn<‘(; in graphical worlAin connection with the study f>f 
v<*lociti(‘S it is ciistoinary to repr<‘sent the velocity of a i)oint by a 
straiglit lim; whose dii'Ttion and length indicate the diri'ction and 
rnagr)itijd(; of the velocity of (he point. For example, let it be assumed 
that tlie block \f (I'ig. 278) is sliding to the right on the guid(‘, at ilu; 
ratt“ of |mo foot p(;r second. If it. is df'sired to represent the v(;lo(;iiy of 
any pol t A on this Idock by a line, any unit of length may be iissumed 
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to represent one foot per soeoncl. Sui)[>ose one inch etpials ori(i foot per 
second is chosen as the convtmient scale; then a line one inch long is 
drawn from A to the right, parallel to 
the guide, with an.an’ow head at its end 
pointing to the right. 

If the point is moving in a curved 
path the lino rc'presonting its velocity Fig. 278 

is dra'vn tangent to the path at the 
fKJsition of th(^ point on the iust:inl under T-onsideratioia. 

If-the point has a variabltl spec'd the h'ngth of llie line representing 
its velocity is ina<l(> eciual to the dishince ihc' point would move if it 
continued for a unit of time with the same spefnl whicli it has at the 
instanl under consideration. 

214. Resultant Motion. If a ma^fria! j uint ree<*iv(‘s a single im¬ 
pulse in any direction, it will move in that din'ctiou with a certain 
velocity. If it re^eivt's at the sai^e instant two impulses in different 
directions, it. will obey both, and move iji an intermediate direciion 
with a velocity differing from that of eitlna- impulse alone. The posi¬ 
tion of the point at the end of the instant is tin; sanu' as it would 
have b(‘en ha<l the motions, due to the impulses, occurred in successive 
instants. This would also Ix' true' for more than two motirms. The 
motion whicffi occurs as a cons(‘quenc(' of two or more impulses is 
called the Resultant, and the' sei)arate motions, which the impulses 
acting singly would have caus(‘d, are called the Components. 

215. Parallelogram of Motion. Suppose) the point a (Fig. 279) to 
hav(' siinultiineously th(‘ two compoiK'Ut motions ii'presented in mag- 

nitud<‘ and direction hy ah ami ac. Then the 
rc'snltant is ad, the diagonal of the parallelognim 
of which the eompomait motions vh and ac are 
the si{l(^ C'onv(‘rsely, tii(‘ motion ad may he 
Fio. 279 resolve*! into two eompoiumts, one along a6, and 

th(^ other along ac, by 
drawing the paralh'logram <ibdc, of which it w'ill 
b(‘ t.h(‘ (lia.go?Kal. 

Any t w’o component motions ean have' but one 
resultant, but a given r('s>iltant m^ion may 
hav(‘ an inffnit(‘ number of pairs of components. 

In the latt(‘i‘ ca,sc there is a deffnit*' solution 
l>rovi(lcd the <lircclionsof both components are 
knowai or the magriitudo and dinrtion of om>. 

If the magnitude's of both eomponents ar»' known theri* ar*' iwo p^sihle 
solutions. 'Phus in Fig. 280, where ad is th(' given resultant,*! the 





Guide 
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two comjwnents have the magnitudes repvesentod by nc and ab, the 
directions ac aiul ab will solve the problem, or 1,he directions «Ci and 
oiii^will (equally well fulfil the conditions. 

216. Parallelopiped of Motions. If the tlm^e component motions 
ab^c, and od (Fig. 281) arc combined, their resultant af Avill be the 
diagonal of the parallclopiix'd of which they are the edgt^s. The mo¬ 
tions ab and oc, being in tht' same plane, can be combined to form the 

resultant ae; in the same way ac 
aiul ad can be combined, giving the 
re.sultan|a/. Converst'ly the motioti 
af may bt‘ resolved into the com- 
poni'nts ab, ac, and ad. 

To find the resultant of any 
number of motions: First, combine 
any two of them and find their resultant; then, combine this resultant 
with the third, thus obtaining a new resultant, which^an be combined 
with the fourth; and so on. 

217. Composition and Resolution of Velocities. If the motions 
refenvd to in the jweceding jiaragraplis ai'e a.ssunu'd to bo uniform and 
to take place in a unit <jf time*, th(‘ lims in Figs. 279, 280, and 281 May 
be considered jus rcprc'setiling the velocities as well Jis the motions. If 
the motion of the point is vjirijible :ind the lines ac and o6*(Figs. 279 
and 280), or nc, ab, and ail (Fig. 281), ropre.s<*nt the velocitijjs imparted 
to the point a by the im[)ulses acting in the resptvtivt' directions at 
the instant, tlicn the lines ad (Figs. 279 and 280) Jiad af (Fig. 281) 
resent the actujd, or resultfint, velocities at that fKirtiiaihir instant, but. 
not the actual motions. In oilier words .(I^lg. 279), ad. indicatt^s tlio 
motion which a would h;i\'e in ji unit of time if the impulse's now acting- 
continued unchanged, and tliere-fore indicates the i)rcscnt AX'locity, but 
the motion was jissurni'd to be vjr.ial)le.^then‘fore present eonrlilions 
are instantaneous only, and ad does not indicate the actual motion but 
only the instantaneous ti-ndcucy, 

218. Relation between Linear Velocities of Rigidly Connected 
Points. If two pointsso connected that their distance af)art is 
invariable and if their vc'loeities jufi resolved into components at right 
angles to and along the st might lin^ connect ing them, tlu' components 
along this line of connection must be equal, otherwise* the distance; 
bejtwe'cn the joints woulel change. 

This iiuiy be* seen by consielering the center line of the e;onne;cting 
roel of a four-1 )jir linkage;. Fig. ‘282. 

Assuming that the; crank A/i is turning at sueh an Jingular spe'enl 
that thiie;rank f>ii. B has a line*ar velocity rep)e;sented by the; line Bb, 


4S 
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let it be required to find th(j liiu* which represents, at the same scale, 
the linear vclociity of C. Since Bb indicates the velocity of B at the 
instant, B would, if not restrained by the crank, move to a point rej^ 
sented by b in a unit of time. "I'Ik* same ]X)int would he’reached if 
for a part of the unit of time B should have the velocity rcprescidiid 
by Be, moving along the line CB extended, to the iK)int e which is the 
foot of a perpendicular let fall from b to CB, tlu^n from e moving out 
along this perpendicular with a v(iloeity represented by eb. That is, tlu* 
velocity of B may be consider(‘<l as lh(; resultant of the component Be, 
along t.lu^ connecting rod, aijd the comjionent /ici ((xpial to eb) of rota¬ 
tion about some point on the center line of the conntjcting rod. Al¬ 



though B does not actually go to 6 its rtmdency at the instant is to go 
there in a unit of time, and its b'luhMay (o inovo along the line CB is 
such that, if tluae were no com[)oneiits at right tingles to CB, it would 
go to e in a unit of time. It is tliis tendency of B to move along the line 
CB, that is, tUe component of Bb along the line CB which causi's C to 
move, and since CB is a rigid rod which can be luatla'r lengthened nor 
shortened, C must htive ti ctMPripoiient velocity (or tentUaicy to niovi') 
along the lin(‘ T/i equal to tlitit of B, that is, eipitd to Be. The direc¬ 
tion of the otlu'r comiKWicnt which, when combini'd with this one, A\'ill 
give the actual velocity of C must be at right angles to the rod/^r, 
bhcause this component has no effect along the rod. 

The actual direction of the vi'locity of C is along a lini' ('k perpiai- 
diciilar to DC. Then, to find tlievelocity of C lay otT Cf eiiual to Be 
and through / draw a line jn'i-pendiciilar to ('B nusMing ('k at //. Ch 
then represimts the velocity of C at the same scab' at which the velocity 
of B is represented. For examjde, if Ch is found to b(' thri‘<-fourths as 
long as Bb, it will indicate thjit at, that instant C has a velocity whicl: 
is three-fourths of that of B. The above method ri'ally consists, tlicn, 
of treating the whole rod tis if all points Avia-e given an iinjuilf in the 
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ilirection CB siu'li as to cause them to Juin o velocities equal to Be along 
CB and, siinult.aneously, each point were giv(?n another impulse* at right 
angles to CB, causing all jKeints to turn about some point on the center 
line of t he rod. 

Instantaneous Axis of Connecting Rod. The discussion in 
the pr<M*eding i)aragTaphs shows that one (‘iid of th(^ connecting rod in 
Fig. 283 is moving at the instant in the dirc'etion Bb, peipendieular to 
AB, while the other (‘ud is moving in tlu* clirection Ch, perpendicular 
to DC. The dir(‘etion ftf B is the same wherever the axis of rotation 
is located on the line AB or AB extended. Similarly, the direction of 
C is the same where*ver its axis of rotation is lo(tat.(*d on DC e)r DC 




Fio. 28:ta 
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extended. Hence, both tlii'se points B and C might lx* treated for the 
instant as if they w(*re turning a}»out the point, which is.common to AB 
and DC, that is, th(ar point f)f intersection O. B and C are points on 
the connecting rod BC, as well as on tlwwranks, lh<‘refor(*, the whoUsrod 
BC may bo treated for the instant as if it were turning about, 0 ns an 
axis. Th(^ point 0 is tlu; trace of a line which is called the instan* 
taneous axis of BC. Tin* principle is the .same as if the connecting 
rod were made fast to a wln ^l which, for the moment, is turning abbut 
0 as an axis. It follows that the velocity of C is t,o t,h(? velocit.j-' of B 
as OC is to DB. » 

If the mechanism were such that the motions of the ix)ints B and C 
wore not in the same jdaiK*, the instantaneou'! axis would be found as 
follows; Pass a plane tluougli the point, B |)erpendicular to Bb; the 
motion Bb might then be the result of a revolution of B about any axis 
in that plain;. In the same manner, the motion of Ch might be the 
resultlNf a revolution of C about any axi.s in the perpendicular plane 
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t.hrougli C. 1’hc points B and C, [)oing rigidly conncctod, must rotate 
about on(i axis, wliich in this caee will b(' the intersection of the two 
perpendicular planes. 

If tlic motions of the two points B and C jire in th(‘ same plane 
and parallel, as in IUgs. 283a and 2831), tlw; perpendiculars t|j|)ugh 
B and C coincide and the above niet,ho<l fails. Let Bb and Ch be the 
velocities of the i)oints B and respectively. To find the instantaneous 
axis draw a right line through thc' points h and h in each case and note 
the point 0 where it inters^ts BC or BC produced. ThLsmust be the 
iiLstantaneous axis, for fronlthe similar tiiangles BbO and ChO 

Bh OB 
Ch OC' 

that is, the velocities of B and C are prr)portional to the distances of 
these points from 0. 

The trace of ito instantaneous axis on the plane of the drawing is 
often called the instantaneous ce%er. 

220. Centrode. If the position of the instantaneous axis of a 
connecting rod or other moving link is found for a series of po-'^ition." 
throngh tlic entire cycle of motion of the linkage, and a smooth curve 
is drawn througli these different positions of tin' instantaneous axis, the 
cin’ve thus found is calknl tlu‘ centrode of the link in question.* Som(‘ 
of tliQ properties of centrodes and the uses made of thtnn will be taken 
up later in connection with certain special examples of four-bar 
linkages. 

221. Instantaneous Axis and Centrode of a Rolling Body. The 

instantaneous axis of a rigid body which rolls without slipping upon 
Ilu‘ surface of a fixed rigid lx)dy must piiss through all the points in 
which the tw^o' bodies touch each other, for the ix)ints in the rolling 
body whif'h touch the fixed l^dy at any given instant must be at rest 
for th(' instant, and must, therefore, be in the instantaneous axis. As 
the instant,ancous axis is a straight line, it follows that rolling surfaces 
which touch (‘ach other in more than one ix)int must have all tlair 
points of contact in the same straight, line in order that no slip])ing may 
occur ))etw'^(!en them. This proj)erty is i)Ossessed by plane, ('ylindrical 
and conical surfaces only; the teri^ cylindriml and conical being used 
in a goiK'ral sense, the bases of the cylinders and cones having aii>’ figure 
as Avell SIS circles. The surface of the fixed bo<ly is the centrode of llio 
moving lx)dy. 

* In reality the centrodo is tlio locus of the instaiitiiin'ous cfiiler. fhe Uu-iis of the 
instantaneous axis heitip a .surface somHimes ealled tlie axoid Tin' inm j"ulro<le 
IS commonly used for the loc’U.s of the axis itself as well as for the locus of^s trace. 
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222. Velocities of, i>oints on Rcjimg Bodies, iet B, I’ig. 284, be 
the center of ii wlie^ I’ewtiiig on g^rack at the point ^1. If a pull i« 
exerted at the center,along the line Bb, parallel to the track, B will 



move in tlie diroclion Bh. The effect is the .same for tlu' instant as if 
AB were a crank turning about A as an axis and sin<‘e AB is an im¬ 
aginary line on the wheel, tin* whole wheel become^ a crank turning 
about A :is an axis. 

Any other point on tlu' wlu‘el, as K, must at tlu' instant in question 
be moving about. A as an axis, and therefore the direction of the veloc¬ 
ity of E is Ee perpendicular to the line AE. The n'.agnilude of this 
velocity is to the magnitude of the velocity of B as AE is to AB. 

This velocity Ee is niade up of rotation about thc( centei* B of the 
wheel combined with a vijlocity parallel to the track efpial to the 
velocitj" of B. That is, the real velocity Ec ma.v be considered as con¬ 
sisting of the components Ey (tvliieh is equal and parallel to Bb) and 
Ef perpendicular to BE and of sucli magnitude that the figure gefE is a 
parallelogram. ^ 

223. Typical Problems on Resolution and Composition of Veloci¬ 
ties. The general principles presented in the foregoing paragraphs 
furnish the basis for the determination of the absolute and relative' 
linear velocities of points ojj a four-bar linkage or, in fact, of points on 
any moving piece or pieces. A full and ck'ur understanding of th(‘ 
methods of .solving such pro})lenfS can be gniiuxl only by studying llu? 
actual solutions of a iiumlx'r of eases. 'Fiie following examples have 
lK*eri cho.sen with this end in view. Some of the illustrations are takem 
directly from actual machiiKs; others an' modified in order to sJiow 
the princijdes mon; clearly; still otia'rs aie hyf)o(lu;(ieal cases involving 
constnictions which are lik<*ly to occur in actual <'a.ses. Some of the 
exaiqMcs involve siK’cial ap|)licalions of the four-bar linkage which 
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will b^.yiialyzed lalcr but whicb%re intrcKhieed here merely as examples' 
in yelocities. i; ^ 

Example 68. Jn Fig. 2S3 let A B and DC be the center lines of the cranks of a 
four-bar linkage, A anil D being the fixed axi's. Let the linear velocity of the crank 
pin Ji lie roprcseriteil by the line lib perpendicular to A li. It is requireil^to find the 
lines which shall repri'sent at the same scale, the linear velocities of the crank pin 
C and of any fioiut E on the center line of the connecting rod. 

Solution. Resolve the velocity Bb into the two component.s Be and Br along 
€B anrl at right angles to CB, respectively. Make (J eijuul to Be and through / 
draw a line pi'rpendicular to CB Electing, at h, a perpendicular to 7X-','drawn through 
(■'. ‘Then Ch represents the vel(l;it 5 ’^ of C. 

"fo find the velocity of E it is neces.sary to find, fir.'.t, the direction in which E is 
moving at the instant. This is done by finding the instantaneous axis of CB. AB 
an 1 1>C are. jiroduced until they meet, at O, whi(;h is, therefore, the instantaneous 
ax's of CB. OK is next drawn, and the direction of ilui velocity E is along a line 
Eri perpendieidar to OE. The magnitu ie ot this velocity is found by laying off 
En equal to Be and drawing a line through n jierpendieular to CB meeting Em at K. 
EK is (he roquiri'd j^ie representing the velocity of E. 

Example 69. Fig. 2So .shows in a tliagraminalic form the crank, eonnecling rod 
and erosshead of a steam engine. L(‘t 7ffi.represent the velocity of B. It is required 




t.o find th(' velocity of the center C of the erosshead pin and of a point E on the 
(‘enter liiu' of ftie eonm'cting rod. 

Soluhon. Bh is resolvcHl into ooinpononls along and at righi anglivs to CB giving 
Be !is the component along ('B. Make Cf ispial to lie. Xow (' is moving along llie 
line iVAf parallel to (he guides, 'fln'i-efore, tli 
a i)ei|>emheiilar to CB at / meeting NM at h. 


■ velocity of (’ is Vh, found hy A^rawing 
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The instantaneous axis of CB is at tho ijoint O, where ^ perpendicular to NM 
through C meets AB produced. Knowing the posifeifh of this instantaneous axis the 
velocity of E can b<‘ found as in the preceding exainpU'. 

Example 60. With data the same as for Example 59, except that the connecting 
rod i.s a bent bar, as shown in Fig. 286, let it bo required to find the linos representing 
the linear velocity of C and E. 



Fin. 286 


Solution. Since the curvc'd bar BKC is rigid the straight line BC may be 
substituted for it witliout afiecting the relations of B and C. Hence this lijjo may 
be used as the line of connection Ijetwccai/i and f,'and the velcwity of V may be 
found from the known velocity of B as in ICxauiple 59. To find the velocity of 
E the instantanetma axis of BBC is found at in Example. 59. E is then joined 
to O and the diiection of the vi locity of E is along a ijerpendieular to OE through 
E. Join C an<l E and resolve the vc'locit}' Ch into components along and at right 
angles to the line CE. The eoin[)onr'nt En, of the velocity of E, along CE produced 
is equal lo the component Ck of the velocity of (\ along CE, the other coinfionent in 
each case being at right angh's to CE. llcncc lay off En equal to C'k ami ihrough 
n draw a line jierpendicular to Eu nutting Em at m. Em then represents tin; 
velocity of E. ^ 

Example 61. In Fig. 2S7, 1) is a disk keyed to the .shaft .d, the center of the 
disk being at B. It is a rod, one end f)f which cmlmices the pin (' on tin; slider; 
the other end is enlarged to form the strap S and eontaius a cylindrical hole just 
fitting over tht; disk D. If the shaft .4 turns at .such an angular speisl that a linear 
velocity Bh i.s inq)art<Hl to the e<*ritei B (Bh Ixsug iieriiemlicular to the line from B 
to the center of ^he shaft A), lot it be retpiin'd to find the linear velocity imparted 
toC. 
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Solution. Since ti?e hole in S is concentric with D its center must coincide with 
B in every position which th^'^fncchanism occupies^ fuid the mechanism is the equiva¬ 
lent of the linkage in l'’ig. 285. CPhis relation will be shown in another jR'ay in the 
next chapter.) Hence the problem becomes the same as in Example 5*^ 



Example 62. In Fig. 2S8 Ali is ;i crank turning about the ti.ved center A. BC 
is a connc’cting rrid jiivoted to llie slider .S' at (' ami prolonged to K. From E 
another link EF connecis to the slider T. If Bh ri'prc'sc'nts the velocity of B let it 
be required tf> find the velocity of F i,tha( is, of the slider 7'). 

Sohilion. 'riie inslantaneous axis of B('E i.s at O, hence the direction of the mo¬ 
tion of E is perpi'iidicular to OE. Kesolve the velocity Bb into components along 
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and at right angles to B(’F and transfer the <‘omponenl Bbt. thus found, to Ec’. 
'riirough <'2 draw a, perpendicular to /Wj nn eting Ee at e. Ec is the velocity of E. 
Next resolvi* Ec into eoinponents along and pej^iendicular to EF. getting Ecs along 
EF. Make/'/.! (‘qual to ftr'ca and through/,! draw a juTpendiciilar to /'/(^neetiiig 
the line of motion of F ntj. Ff is the required velocity of F. 


t 
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Example 63. In Fig. 289 the connecting rod of the four-bar linkage is prolonged 
in a (^ve to E. If Bhi represents the velocity of B let it be required to find the 
vdoci^ of E. 

Solution No. 1. .The instantaneous axis of CBE is found at O, honc(; the direc¬ 
tion of E is i^erpcndicular to OE. The line of connection between B and E is the 



straight line BE. Resolve the v<'locity of B into eoinponents along and perpen¬ 
dicular to BE, getting Bbi £ilong BE. Make Ee^ equal to Bbi and through et draw a 
peri)cndicular to Eet meeting Evi at ci. Then Eei represents the velocity of E. 


Solution No. 2. (Fig. 290.) Find the velocity of C (= Cci) a.s in previous <*x- 
amples. Then Cc* is the component of Cci which represents turning about some 
(K)int on BC when the conipoiu'nt of transISt.ion in direction CB is Cci = Bbi. 
Bbi is the component of Bh, vshidi represents turning al>out the same point on BC. 
These comi)onents of turning must he prujjortional to the distances of B and C from 
the axis about Avhich the turning occurs. R is this axis and is found by drawing 
baCi cutting iff.' at R. It .should be observed that R fulls at the foot of the perpen¬ 
dicular to BC let fall from the instantaneous axis of BC and that its component of 
turning is zero, hence its true velocity f along CB and is cq\ial to Bht. From the 
above reasoning it follows that t he motmns of all points on the rod CBE relatm- ol 
each other are the same at the instant as they would be if the rotl were turning about 
R as a fixed a.\is I’ln'ii Eez is the component of turning of E about R and is found 


Eea 


by making Eez perpendicular to RE and^^j- 


RE 

RB' 


N('xt raakt! the cora|)on('nt of 


translation Ee^ equal and parallel to Bbi suid complete the parallelognun of which 
Eci an(' Ee.i are sides. The diagonal Ec\ of this paralh'hjgram reprtwents the actual 
velocity of E and is the same line ;us Eci in Fig. 289. This method of solution is of 
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value when the instantaneous axis falls oil the paper or in such a position ti|iat it 
cannot be used conveniently. -A' 



Example 64. (Fi^. 291.) 1'he loop; slider S has attachotl to it, at the pin C, the 

link CB, the tither end of whieli is coonetdeil <o the crank AB. At E is a link EF 
connecting at. F with the link DF which is also connected to *S. If Bbi represents the 
linear velocity of B let it be reijnired to find the linear velocity of F. 

Bohdion. Reselve Bhj into com})onents along and perpendicular to CB, getting. 
Bhi. Make Cc-i equal to Blh and draw c-ci perpendicular to Cct me<*ting the line of 
motion of C at c,. 'I’hen Cci represt^s the velocity of C. The velocity of D must 
Ih‘ t.h(‘ same as that of C, therefore make l)d\, equal to CVj. Re.st'lve Ddi into eom- 
poneiils .along and perpendicular to DF, getting Dd^ as the cf)mponent along DF, 
Mak(' Ffi e(jual t,o Dd 2 . Then Ff^ is the component of the (:).•< yet unknown) veloc¬ 
ity of F in tilt* direction DF when the other component is perpendicular to DF. 
lIcTict* flic line representing the velocity of F must terminate somewhere on the 
perpentlicular {Jitu) to F/a through/ 2 . (In other words Ffi is the projection, upon the 
line DF produced, of the line reiiresentiug ^e velocity of F.) Thus, by fir.»t fiiuling 
the velocity of D, it is po.ssible to find the component of translation along the direction 
DF of the point Fwhen the motion of F, for the instant, i.** cousideretl as ctm.''isting 
of coni[>onents of translation .along DF and of turning abmil some point on DF. 

In a. similar manner may be found the component F/j of tran.slation in the direc¬ 
tion FFj when the motion of F is c.onsid<>red :is consisting of tr.anslation along FF 
and turning about .some jHiint on FE. l<’irst find the \clocity of E by i<icat,ing the 
instantaneous axis O of ('EB. The direction of E is perpendicular to OEM'kI the 
hngth of the line fcVi representing its velocity is found i>y making Ea isiuiT t Blh 
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and drawing porpondiciilar to Eei, meeting Rci at ci. Next rt^olve Ee.\ into 
cdmponeiits along and perpendicular to FE, getting Ecz. Make FJz equal to Evz 
and at/* draw a line perpc'iulicular to Ffz. Since FJz is tlie component of the vel<»eity 
of F. (iloug FE when the other component is one of turning abo\it some point on FE 



the line representing the v(‘loeity of F must terminate soinewli('re on the penien- 
dieular (/„•() to Ffz through }\. It was sliown above that the line ri'preseutiilfe the 
velocity of F must terminate on /■.>///. Then'fore the end of the desired line must be 
at the intersection of /on? imifzn, namely at/i, and Ffi ri'presents thcyolocity of F. 

Example 66. In Fig. 202, AU is a crank turning about .1. The crank pin 
carries a block which works in a slot whose center line is MN 'riiis slot is in the 
T-8hape<l hea<l of the slider S which moves in the guides (H. HF is the center line of 
the guides and MN is at right angles to IIF. If lib ropfcseiits the velocity of li, let 
it be required to find the velocity with which S is moving in the guides and also the 
rate at which the block is sUpjiiug in the slot MN. 

Solution. The component of lib which is parallel to IIF will indicate the rate at 
which the block is causing the slot to move, and the component of Eb which is 
parallel to MN will indicate the rat e at which the block is slipping in the slot. There¬ 
fore lib is resolved iut.o the two components % and lir (or eb) ])arallcl to IIF and 

MN, rcs])C‘ctively, giving lif as the 
velocity of S and lir (or rb) as the. 
rale of slipping of the block in tlie 
slot. 

The correctness of the above .solu¬ 
tion caiilbe understood if it bejLssumed 
that the point B is actually allowed 
to go to b and that inst.ead of going 
over lh(! jiath Bb if moves first to -• 
along B(' ])arallcl to IIF. luonler to 
go there and still remain in the slot 
it must inovf thecent.erline .1/iValong 
with it until MN psisses t.liroiigh r. 
Then /4mov<'s uj) along fh jiarallel t.o MN until it reaches h. dhis latter motion, 
since il\' parallel to the .dot, does not move the slot at all, but is simply a motion of 
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Slipping in the slot. Of course B does not actually go to b, since it is constrained to 
moyc in a circle about A and the next instant the direction of the velocity of B will 


be different and the rate of slipping 
and the velocity of S will have 
changed accordingly. .As has already 
lieen pointiMl out, however, the velo- 
citi<*s and directions shown in the 
figure are the ones which obtain for 
the instant when the tncchanistn is in 
the j/osition shown. 

Example 66. I'ig. sho^s a 
meclianisin the same as that shown 
in I'"ig. 292, except that the center 
line MN i.s not at right angles to HF. 
\ he met hod of solution is 1 In* same as 
de.scribed in the iireeeding <‘xample. 
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Example 67. In Fig. 29-1, AJi is a crank turning aboul the fixed .axis A. The 
cmnk pin whose ccr^-r is B carries a block working in a slot in the long arm which 
turns about the fixe* axis G. The cen^ liiu' MS of this slot passes througo G. If 



Bh represents the velocity of B, h't it Ix' ri'quireil to find the velocity of a point II on 
the swinging arm, on the c-enter line MS. 

Solidion.. 'fhe velocity of // i.s. of course, the result of an angular s|)ee4 of tlie 
arm eausod by the motion of the blork. 'I'his probhun might be solvet^by the 
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principle of the four-har linkage and will bo so analyzed later. At this iM)int, how¬ 
ever, it will be treated by means of the princii)les of resolution of velocities. Let it 
bo lussuinod that the slot is coven'd on the back by a .strip, as shown. Tlnm a point 
Bi on this strip whiel) is directly in line with B is turning about the center ij. It is 
necessary, first of all, to find the lin<>ar velocity (jf /fi. Bb is resolved into two com¬ 
ponents, Bv and Hr (or eh). Be. is along the direction in which Bi is moving, that is, 
perpendicular to BG. eb is parallel to the center line of the slot, the figure Bebr, as 
iix the prc'vious cases, being a parallelogram. Be then represents the velocily of /fi. 
The velocity of U is to Be as GII is to GB. Since GB and // are in a straight line the 
above proiKjrtion can be mad<j graphically by drawing from G a straight line through 
e meeting at A;*the ])erpendicular to GH through Ij The triangles GBe and GHK 
are similar, therefore IIK is to Be as GII is to GB. * Hence IIK is the requiretl veloc¬ 
ity of 11. 

Example 68. I'ig. 20.5 shows a mechanism siinihir lo that in Fig. 294, except 
that the center lino of the slot docs not iwiss through G. 

Soluiion. The principh's involved in the solut ion are the same as those described 
for Example 67. The component Be, is piTireiidicular to GB and not to AIN. II 
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has a velocity periiendicular to GII and bearing the same ratio to Be that, GII bears 
to GB. The similar 1riangh>s can be consliucte<l by laying off on GIJ a distance 
GBi 0 (jual to GB. drawing BiL iierjrendjcular to GB^ and equal in length lo Be, 
th(‘n drlwing from G through L lo meet the perpendieular to Gil through II at K. 
IIK is tf .Ti the re((iured velocity of II. 
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Example 69. The mechanism in Fig. 296 is the same as that in Fig. 295, except 
that the slot is curved instead of straight. The metho<i of .scdution is the same. The 
only new point to be noticed is that the lino Br is tengent to the center lihe of the 
slot at B 



Example 70. In Fig. 297 the curved bar /U? slides thnmgh the block which is 
pivoted at (1 on the crank DC. The lower end of the bar is carnetl li\ the crank 
AB. C repre.sents the axis of the pin )»y which tin* block i.s all.-icln'd to the crank 
DC, while Vx represents the point on the bar /i/^wliicli is inside the block wl^re tlic 
axij of th(‘ pin intersects the center line of ihe bar. If Cci represents thV linear 
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velocity of C and Bin the velocity of the axis of the pui B, let it be required to fed 
the linear velocity of a point R on the rod. 


Bohdion No. 1. (Fig. ‘297.) The coinpont'nt of tlie vehjcity of Ci normal to 
the sliding surfacitis, \vh<in paired with luiother component in the direction of slittin g, 
must be equal to the component of CVi normal to the .slide Avhon paired with another 
compomait along the slide. 'I'his comiionent normal to the slide is (.Vs. Also, 
the component (Vs along the lino joining Cx and B, when paired with tuiothcr com¬ 
ponent perpendicular to CxCi, is equal to Blh. Hence the velocity of Cx is (Vt and 
the instantanetius axis of BCxR is at (), The direction of li is tlierefore perpen¬ 


dicular tt) OH and the length of the line Rri wliicli represents the velocity of R is 

found from the equation ^ 

CxCi 0( 'x 


Solution No. 2. (I'ig. 298.) First assume that the axis c of the block is fixed 
(that is, (.’ci =-- 0). Then the instiintaiuxius axis of BR would lie at ()i anil thi* line 
representing the velocity of R would lie ri'prescnted by Rr^ ix>rpendicular to OiR 

and of a length such that 

Bbi OiH 

Next assume B to be fixed (that is, BUi = (J). 'flien tl4’ velocity of Cj would 
bi; reiiresented by CVs, found as in Exjj^ple 08, and the vflocity of R woukl be 


represented b> Rri perpendicular to BR and of a haigtli such that • 

The line representing the actual velocity of R is Rn which is the diagonal of the 
parallelogram of which Rra and Ri'i are sides. * 


Example 71. In the meehanism shown in Fig. 299, a wheel turning about the 
axis D has pinned to it at (' a link coimeeted to the end of the crank AB. The 
wheel also carries a pin E on which is a block. I'liroiigh the Idoek .slides the rotl 
RHF. 'fhe point H is connected to the pin B and the end F is attached to the 
alider. The Avhool is turning at such an angular speed that the axes of the pins 
C and E have veloeitii's reiireseuled by Cc, and AVi resta «tively. Let it be requirixl 
to find the line representing the velocity of any point as R on the rod RHF. 

Solution. First find the Asdoeity of B ami resolve this vrlwaty Bhi into com¬ 
ponents along and perpendicular to BII, thus getting Bbj. I'he instantaneous axis 
of RHF lies somcAvliere on the perfK'iidieular to A.Y through F but itji exact position 
on this line is not yet knoAvn. Hence (he velocity of 11 cannot be found as yet, 
H is a point Avhich is eommoii to BII and and the, coirqionent of its velocity 
along BII must be equal to Bbi. 'flierefore the component along Bll of the velocity 
of any point on lillF Avhich lies along BH or Bll prixlueed must also isjual Bb. 
(it being understood that the otlier component is perpendicular to Bll). If RIIF 
is assumed to lie enlarged to include the point K aa'Ih-tc, BH firodiieed inters<>ets.t}ic 
perpendicular to .VA' through /<’, then A', being a point on RHF lying along Blh 
will have the comiionent Kki equal to||j[j3. 'fhe actual velocity of K must, be per¬ 
pendicular to FK, hence Kk\ is the verity of K. Lot Ex represimt tJie jHiiiit on 
the .a.xiH of RHF where it intersects the axis of the pin E. 'I’hen resolA'c Kk\ info 
corajxinents perpendicular to and along KEx ge.tting Kkn. Make ExC\ (sjual ti) 
Kkt and draw’ a perjicndicuUir to E/Pi through ci. Next resolve (lie A'clocily AVi 
into coin]X)nent.s along and norimil to the .“lidiiig, gi'ttiiig A'ca as liie iiormid compon¬ 
ent. 'rhe normal coiiiiionent of the Arelocity of AV must be the .same as Ei-i whi'ii 
pairedtwith another roin|>oneiit in the direction of fli(‘ sliding, lleiici' the line 
AVs df ,wn to the intersection of cci ami ciij re[)re.seiit.s the actual velocity of Ex. 
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The instantaneous axis of RIIF then is found at 0. Tlio velocity of R is therefore 
represented by Rn, perpendicular to OR and of such length that 



Example 72. Rate of Sliding of Gear Teeth. To delenninclhertdo of sliding of 
OIK' gear lotdh iipon another at any |)ositit)ii il will Ik' neees.'^arv to find the linear 
velocity of the point of contact I) (Fig. 300) in each of (lie teeth, and resolve these 
linear velocities into their eoinponents along (he eoinnion normal and (he common 
tangent. Let OK represent the linear velocity of I) arounil <>\: the eonlK)nents 
(if OK along the common normal and tangent are ft/'" and I)(l resiM'clivif/. The 
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direction of the motion of D around O 2 is along the line DH. To find the magnitude' 
of its linear velocity we have DF as its coin])onent along the common normal, since 
this normal is the line of connection between the two sliding surfaces, and com¬ 



ponents along the line of connection must- he equal. This will give DH as the linear 
velocity of D around Oz, and DK as its component along the common tangent. The 
rate of sliding will be found to bo GK, equal to DG + DK, since the components along 
the tangent act in opposite directions. 


CHAPTER XI 


LINKWORK 

224. A Link may be defined as a rinid piece or a non-elastic sub¬ 
stance* wlficJi serves to transmit forcei IV^in ones piece to anotlu'r or to 
cause; or control motion. 

For example, that jiart of a belt or cluun running from tlu* driven to 
the driving wheel, the connecting rod of iwi engine, the fluid (if assunuid 
to be incompressible) in the cylinder of a hydraulic press, would be 
links according to the above definition. In ordinary practice, how¬ 
ever, the name is applied to a rigid connector (W‘e § 7), which inaj’^ 
be fixed or in motion, 0 • 

226. A Linkage consists of a number of pairs of elements con¬ 
nected by links. If the (combination is such that relative motion of 
the links is possible, and th<‘ motion of each piece relative to the, ot.h(*rs 
is definite, the linkage be(;onies a Kinematic Chain. If one or more of 
the links in such a chain be fixed tin; (diaiii b(;comcs a Mechanism 
(see § 2). 

In order that a linkage m.iy constitute a kinematic chain, the num¬ 
ber of fixed points or jioints whose motions are d(‘termined by means 
outside the particular linkage* in qu(*stion, must boar such a lelation 
to the number of links in tin* linkage that the linkage may form a 
four-har linkage or a cuuihinafion of two or more four-bar linkages. (S(*n 
§ 210.) This may lx* s(‘('n by reference to Figs. 301, 277 and 302. 



The linkage in Fig. 301 consists of three links AB, AC, and BC, form¬ 
ing a triangle* and it is apparent that no relative motion of the links 
can 4ccur sinc(* only one triangh' can bt* hjrmed from three giv('n lines. 
\ 211 
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On the other hand, if four links are involved, as in Fig. 277, relative 
motion of a definite nature will result. If now five links, as AB, BC. 
Cl), DE, and PJA, Fig. 302, eonstif.nte the linkage, any link, jis AE, may 
Ik; fixed; then AB and ED hceoriu; cranks, but a given angular motion 
of the crank AB does not impart a definite resulting angular motion to 


c 



DE unless 1h(' point, (' is guich'd by some ext(;rnal means. If, how- 
cv(T, (' is guided b>' the crank F(.' turning about the fixed center F the 
motions of all the links b(‘eo:ne det(‘rminate. But the linkage, by the 
addition of the crank FC, lias now been transformed into a combination 
of two four-bur linkages, namely: ABCF and FCDE with A, F, ami E 
fixed. 

In general, it may bo saitl tliat any mechanism may be atialyzed as a 
four-bar linkage' or as a combination of two or more such linkages. 

226. The Four-Bar Linkage. In § 210 a four-bar linkage was dc- 
.scribed and special names were giv(*n to the links when one of them Wiis 
fixed. It is not necessary that any link Ijc absolutely at re.st. The 
link AD, Fig. 277, which is there assumed to be fixed, may lx; attached 
to some other part of the macli^e which itself is in motion. ABCD 
remains a four-bar linkage and the relative motions of its four links are 
unehanged although, of course, the absolute motion of each link de- 
pt'uds not only upon its motion with relation to tin' link (in this case 
AD) which is assumed to be fixed, but also upon the motion which 
that link has 

In viv'w of that which Inis jireced^P a four-bar linkage may bo tle- 
scrilx'd as c,onsisting of four cylindri(W paim of elements, or their equiv¬ 
alent. ca(*h eh'inent of each pair being connected l)y a rigid link, or its 
equivalent, to one of the elements of an adjacent, pair. Thus, the pin 
A, Fig. 272, is connected by the fixed frame E to the |)in D. The en¬ 
larged end of the crank F which contains the cylindrical hole paired 
with A is coniM‘ct('d to one of tlie pair at C, and so oji. i 
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227. Relative Motion of the Links in a Four-Bar Linkage. ' Since, 
as shown in § 220, the motions of ^ iiiilcs, relative to some one link 
assumed to be fixed, are not ehangeilire motion is impaitod to that link, 
it follows that the motion of any link, rt^lative to any other link of the 
linkage, is the same whichever link is fix(‘d. In other wonls, the rela¬ 
tive motiom of the links of a four-bar linkage are independent of the fixed¬ 
ness of the links. This principle is taken advantage of in the applica¬ 
tion of four-bar linkages, particularly in cases where centrodes are 
substituted for some of the links, as will i)e illustrated later. 

The laws relating to the motions of ('iie links can be studied more 
conveniently by assuming one link fixed, and this method will be 
followed in the succeeding paragraphs. 

228. Angular Speed Ratio of Cranks. The angular speeds of the 
two cranks of a four-bar linkage are inversely as the lengths of the perpen¬ 
diculars or any two parallel lines drawn from the Jived centers to the center 
line of ihe conncctmg rod; also, inversely as the di^nces from the fixed 
centers to the point of intersection 4^'the center line ff the connecting rod 
and the line of centers {produced, if necessary). 

Tliis law may be shown to be true in two ways. 

1®. By refCTence to the instantaneous :i.xis of the connecting rod. 

Let ABCD (Fig. 303) r(‘proscnt the linkage, AD being the fixed link. 
To show that 

^ng^ar sjtml of DC _ A)n _ Ak 
Angular spc'cd of d li Dn Dk 



The instantam'oiis axis of BC is at O and since; the linear spcH'ds of 
B and C are to each oilier as their distanc(‘s from 1,he insluntain'ous 
axis '’sec § 219) 

bijK'ar S})e(‘(l (' OC 

biiK'ar sjiei'd 7>' OB 


( 1 ) 
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But since the angular speed of DC is equal to the linear speed of C di¬ 
vided by the radius DC (see § ^ it follows that 

Angular speed DC = ^ (II) 

Similarly 

A 1 ^ An liineai- speed B 

Angular speed AB = -- (III) 

Dividing (II) by (III) 


Linear speed C 


Angular speed Di ’_ !)(■ 


Linear speed C AJi 


Angular speed AB Linear speed B Linear speed B DC 

AB 

Whence, combinin^(I) and (IV), 

Angmar speed DC -dB 

Angular s[)eed AB OB ^ IJc DC ^ OB 


(V) 


Draw Ot, Dn and Atn perpendicular to BC. Then, from the similar 
triangles OtC and DnC, 

at OC 


Similarly 


Dn DC' 

Am __ AB 
OT ~ OB 


Substiluling these values in (V) 


Angul ar spe(nl DC _ ^ d/n _ Am 

Angular speed yi Dn Ol Dn 


(73) 


Producing CB to m(‘(jt DA ^ k, it will|jj|^ticed that triangles 
Dnk and A ink are similar, hence 

Ak _ Am 

• Dk~ DTi’ 


Therefore, from equation (73), 

Angular spec 




C Ak 


Angular speetl AB Dk 


(74) 


In delermining the speed ratio of the cranks for any specific case 
either e(piation (73) or (74) may be used as happens to be tiiore (‘on- 
venient. i 
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2°. By resolution of velocities. In Fig. ^304 let; Bhi represent the 
linear velocity of li. Tlion Bh^ is the.com^pent cff tliis velocity along 
CB and Cci is the velocity of C. 



Therefore 


Linear spot*d C _ Cc\ 

Linear speed B Bhi . 
and since linear speed is tH|ual to a^milar .speed divl^leti by the radius, 
and the triangles Ccic^ and DCn arc; similar as are also Bbib^ and ABm, 
thi.s may be Avritten 

Angular speed DC _ Cc\ . Bb\ Cc 2 . . Am 


DC 

Bh. 


= ^X 
AB Dn Bbi 


Angular spe(;d AB 
But Cco 

Hence the equation becomes 

Angular sp(;{!d DC _ Am 
Angular si)e(Hl AB Dn 

as in (73). 

This angular speed ratio of course varies for eveiy relative position 
of the links; but if the* i)eri)endicylar frcun the instantaneous axis to 
the center line of the connei;tin^.rr;,V should fall at the intei-section of 
the center line of the cc^cctihev'ftpd jj^d the; line of centers, that is, in 
Fig. 303, if the poin^||^wHmi||bhld coiruadc;, the angular speed ratio 
is essentially consta.3H^®gMr*noveinents in eith(;r direction. The; 
same would be true sn^WMlpioints B and C' be moving in line's par¬ 
allel to each other. InV. ’ , 

229. Diagrams for E^e^senting Changes in the Linear Speed 
Ratio or Angular Speed Ratio ^^'Any Linkage. To obtain a cl(;ar 
knowledge of the change in Veloci!i#'atio in any linkage a diagiam may 
be drawn wh(;re, the abscissa; may rc;present succe.ssive ^KAsitions of one 
of the oscillating links, and the ordinatRS represent the; angular sptH'd 
ratio of the oseillafing links. A smooth curve through the' points thus 
found would .show clearly the; lluctuations in the angular specfl of one of 
the liilks relative to the; otluT. A curve for linear spe(;d ratio could b(; 
similaky plotted. 
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In the linkage shown in ^^ig. 305 lot AB turn uniformly left handed; re- 


quired a curve to roprosedt’ the ratio 


angular sptjod DC 


for a complete 


angular speed A B 

rotation of J5. Take positions of 4 7? at intervals of 30° and draw per¬ 



pendiculars fj’om D and A to BC in each of its ])ositions. Th(‘ ratio of the 
two perjjcndiculars in each position will give the angular speed ratio; 
thus, starting with 4J5f ixs c’ h 
given in the figure, 

angular spee d DC _ 

angular speed AB ’ 0.2'b^ jji ijjg 

in the position AB\CiD o. 
we have 

angular speed DC _ -4?ni * 

angular sp(!edi'lB Dni* oi 
(dt*. Plotting these values ^ ^ 
ns ordinates sviid the 30° 
positions of AB as ah- 0.3 
scissai will giv«‘ the curve q ^ 
shown in h’ig. 300. Ordi¬ 
nates ahovt5 t)\e zero line 
indicat(; that the cranks 
turn in the same direction, while those below slunv that the dire(;tions 
of rotation are opposite. 

230. Dead Points. A position in t he cycle of n|ption of tln^ driven 
crank of a linkage in which it is in line wit h th(‘ connecting rof, and 



If^G. !too 
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therefore cannot be moved by the connecting rod alone, is known as 
a dead point. If the driven (;rank makes complete revolutions there 
are two such positions in its cycle. 

231. Crank and Rocker. Let the link AD (Fig. 307) be fixed, and 
suppose the crank AB to ri‘volvc while the lever DC oscillates alx)ut 
its axis D. In order that this may occur, the follo\ving conditions must 
exist. 

r AB + BC+DC>AD, 3° AB + BC - DC < AD, 

2° .4^ + AD + DC > BCf 4° ^BC -AB + DC> AD. 

1° and 2° must hold in order that any motion shall be possible; 
3® can be seen from the triangle AC 2 D in the extreme right position 
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AB^CJ), which must not bcfotne a straight line; and 4° can be seen 
from the triangle ACJ), in tin; left exlr^iie position ABiCJ). 

There are two points C'l and C-> inj^ Vjmdi of C at which the motion of 
the lever is reversed, and it. w411 jfolar * ^ that if the lever DC is tlu* 
driver, it cannot, unaided, clri'|(^. F*n’: AB, as a puH or a thrust on 

the rod BC would onlyi^n^^^^i^xii^i^n A, wlien C is at either (A or 
C 2 . If AB is the case. 

The above form .^^S^KgfJrjiiplicd in the beam engine as sho\vn 
in Fig. 308, the foriiWHl Ijy the engine frauaj; com*- 

sponding parts are ne as in l<’ig. 307. The instantaneous 

axis i.s, for the positiQjQM||B!{^ and for the instant the linear speed 
of B is to the liner-'^llrHatiif”Ifc. DB is to OC, or as Bf is to fV, the 
line cj, drawn par. '■ ‘ ■*’-^ado use of when the point O comes 

beyond the limits , 01 * the <• u./ii * ^ rop 

The angle thrf»ngh wfOrlt t • lever DC (Fig. 307) swings can bo 
calculated for kne m values 01 6'D, and DA. 


From the triang 4('A/> 

I CO.S A DC2 -- 


Dr"-f AD- - (BC. -f AD)2 
'2 (i)C X AD) ~ 
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and from the triangle ACiD 
cos ADC I = 


D(f + AD^ - (iSC - ASy 


2iDCxAD) 
CxDCi = ADCi - ADCi. 


Thus the two angles ADCz and ADCi can be calculated, and their 
difference will give the angle reciuired. 



Vui. :jos 


Tf tno link BC is made stationary, the mechanism is similar, the only 
differenee biang in the relative lengths of the connecting rod and 
stationary piece or frame. 



combing machineiy’. Here* the cii*^,..-. turns uniij^nly on i's axis A., 
while CD oscillates about />; both axes A and D ire attached fo the 
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frame of the machine, which forms the fixed link AD. The connecting 
rod CB is prolonged beyond B, and caiTios a comb fJ at its extremity, 
which lakes a tuft of wool from the comb F and transfers it to the comb 
G, both combs F and G being attached to ihe franu' of the machine. 
The full lines show the position of the links Avhen thi‘ comb F is in the 
act of rising through the avooI on F, thus detaching it, and the dotted 
lines show the position of tlu' links when thii comb Ei is about to deposit 
the tuft of wool on G. The same combination inverted is used in sonii* 
foims of wool-washing iftachiiu^s. _ 

232. Drag Link. If the link AB, if the linkage Fig. 307, is 
made the stationary pi<*C(' or frame, as iu I’ig. 310, the links BC and 



"b 


var-^k .- 
'--/ylar • 

#i&. si'll' J 


that is, beconui cranks, and 
atil'l mechanism is known as th(‘ rJrmj- 


AD revolve alxiut B 
CD becomes a connii^ 
link. 

In order that th 
there may be no d 

1° Each crank ny g; 
no explanation. (; 

2° The link CZ>j. ‘' • to' r . 
tlian the greater ohr.* <; ii';i>’‘ < rophich the diameter of the gi’cater 
of the two crank tu jh wip^ li I • ievi?’he smaller circle. This may be 
expressed as follov? n \ -s oi • i, 

CD + A D — ^ „ ,‘e triangle ACiDA, 

^ ( !) <\,D -f BC — AB triangle Bi^zDi). 


^)c^ko complete revoluti<ms, and that 
r, Uowing < onditions must hold: 

* 0 the line of centers, which nf‘i‘fls 

^,n the lessor segment (Uf and less 





LINKWORK 


253 


Producing the center line of the connecting rod until it intersects the 
line of centers at e, and dropping the perpendiculars Am and Bn upon it, 

Angular speed AD _ Bn 
Angular speed Ae Am 

In the positions ABCiDi and ABC 3 D 3 , when CD is parallel to the 
lino of centers, the angular speeds of AD and BC are equal, since the 
perpendiculars Bn and Am then become equal. 

If BC revolves left-handed and is considered the driver^ it will be 
noticed that between the pof||tions ABC-JD-i and ABCiD\ the crank AD 
is gaining on BC, and between ABCdh and ABC3D3 it is falling behind 
BC. 

iilg. 311 shows ari af)plication of Ihe drag link for driving the ram of 
a Dill slotter. Thi‘ links in this figure >u-c loitered to conespond with 
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H 


in the iwsition which it occuijios when the nun is about at the middle 
of the downward or cutting stroke. 

233. The Double Rocking Lever (Fig. 312) shows the same linkage 
with DC as the fixed link. In this case the cranks CB and DA merely 
^ oscillate on their axes C and 

D. The extreme pasitions 
may be assumed at AiBi and 
/'t 

Si 234. Parallel Crank Four- 
Mar Linkage. In Fig. -313, 
the crank AB is in 

length to the fTaiik CD and 
ihe Jii*^; of centei-s AD is 
(‘(jual t\Athe connecting rod 
Ki«. 312 • ^rh^cwitcr linos of the 

linkage th^> form a parallelo- 
gi'am in cvt^rj' position, providetl tluM-ranks turn in the same direciion. 
Jhereforc, Ihe perpendicul.'irs Am and D/i are alwajs equal and the 
two cranks are always turning at the sanu' a))gular sj)e(*d, A familiar 
example of this linkage is furnished l)y ^ R c 

the cranks and paralhd rod of .-i loco- ["7 |? 

motive. In this case the link ffjrmed 1 / ! / 

by the center line of I'earings in tht! j/ j/ 

frame cariydng the axles of ih(‘ two ^ _ Xn 


^ - 


driving wheels corresjwnds io tin* lin^-» * 
of centers, but is itself in motion. ^ n,,‘ Fm. ;ii3 

236. Non-Parallel Equal Crank^^^^- In the linkage shown in 

however, to caus(‘ itu' opposite dirijctions; in which 

case the laanain (xjual to each ot her. 

if the crank AB turns with 
speed, th<‘ crank DC h.-is 
y angular speed, although both 

‘I complete turn in the same 
FUeti Axis time. 

Fm directions of revolution 

, .i.ot*thce a‘/i'- ^ ^op': f*"™* providing some 
moans of eausiri ^ icved proper 

diri'ction. 'I’his ^ , ,>i by means of some device pUuted 

at Hk; instantaned vis ot . '• ding rod when in those positions 
althoiigl) the cntiA 'nkage may .. -Maced by gears whose pitch sur¬ 
faces ^’’e th(‘ (M-ntrlm-s of two of the opposite links. If in the linkage 


Fix. ■■'I Axis 


Fig. 314, A7i is equal to CD am 
however, to caus(‘ ilu' cranl^ 
case the perpen(liciilajjgBW||^ 


Fixed Axis 



LINKWORK 


255 


in Fig. 314, AD being the line of centers, the centrode of BC is drawn 
it mU be found to be the hyperbola, part of which is shown in full lines 
in Fig. 315, with foci at A and D and transverse axis fg lying along the 




^ : \ q . 315 

niKy diWi 

fixed link AD and t'ciual^^resUoTra-o Similarly, if BC is 

considori^l as th(‘ lino of *. \ • [<^t^rode of AD is the hyperbola,- 

part of which is shown in doti with foci at B and C 






1. - 


• ■ i'i msioisfa/ * , 
V*^ nocessl'’ J 
( th>-f' ; . oi b '*1 


^ JWl'flio ^ 

and transvoi-so axis hk lying alon- y-fo >".'”oquir^ . t;||.»gth 1o d/? = DC. 
If, with A and D as the fixed pin is on th(' oonnoctiiig 

rod BC at h (Fig. 316) and a corresponding open aVo at ;/ on t^iC fixed 
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line A D, the points h and g being the same points us h and y in Fig. 315, 
the pin at h will mesh into tlu* eye at g when the linkage reaches one 
dead iwiut and thus insure that the cranks pass the dead point in the 
proper direction. A similar pin at k and eye at / will provide for 
passing the oth(T dead point. 

If the link DC is assumed to be the fixed link the centrode of dB is 
the ellipse N, Fig. 317, with foci at D and C and the length of the major 



axis is equal to AD = BC. Hiniilarl}^ if AB is assumed to be fixed th(‘ 
centrode of DC is the (illipst' .1/ witli A and B as foci and with A D = BC 
as the length of the miijor axis. 

The ellip.ses being closed curv(‘s. it is po.ssibh' to substitute for the 
links, short cylinders whose bases ai'e of the form of the? elliptical cen- 
trodes. Let it be supposed that two equal gears .ire mad(‘ whoso 
pitch surfaces are of the form of the e’''pses shown in Fig. 317, 
and that these pitch (‘llipses are jdacecL^^* at act with (‘ach olh(‘r a,s 
in the figure. liinks BC and l)A ^ 7?!? ^ ittacluvl to the gears at 
the foci of the ellipses, and if " held still anil .1/ rolh'd 

around it the links CB and DA ^ out. tlu^ centins C and 
D respectively and th(‘ line .and B will have the samtj 


motion that it would h 
focus A and N at the 
the same as in thef 
cranks. , 

If the cranks ai’!l.^.V. 
n and mi with corre^ 


Or M may be pivoted at th(> 
p^^talloweil to turn, the result being 
' us the fixed link, A Band DC aV; 

in Fig. 318 and pins placed at, 
;i and ni, these points being the 


n and mi with ^ vthese points being the 

same as the [Joi^'V. '“'ng letters in Fig. 317, a means 

is provided for [L ’ if the links thcmselv(‘s tire 

kplthceu/n ^.rep' 


used. 

If desirofl, one 


‘ d^‘"^ wtij,ch I • means of pin and eye on 

the elliptical cenlrr.| *' ^ at ' -ad point by pin and eyc^ on the 

hyperbolic cent]-od(|, a few ^ ,! s(‘c.tors of gears at th(we parts 
of the (^’ntrodes mif^-.. be usi'd m place of the f)in and eye. 
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Elliptic gears designed on the above principles have been used to 
drive the rams of machine tools, such as slotters, so as to give a slow 
cutting stroke to the tool, and a quicker return stroke. In applying 



Fi«. 318 


the gears foi'such a puri>ose oiu* of ihem, as, for instance, ^f, is on a 
shaft, at A driven at a uniform sp(‘ed from some external source of 
l)Owci'. The otluT gear jV ’"i-.on a shaft at /> to which is attached the 
crank or otluT device for n ^ tla' rani. 


236. Slow Motion by ' ‘^rk. The four-bar linkage can, if 
properly piojiortinned, be ’^‘'^\*o(luc(‘ a slow motion of one of the 
cranks. Sm^h a combina'^^ltfl/’^v^'’ijn Fig. 31t), whi're two cranks 



i.,/ iMinsieii 51/ _ 
' .<•.1/i 4 ^ 

' L ^ necessi' * 

{ th4.’. . oft’.'**#. 


Ali and DC are arranged to tu-.^ J ' ’ ' '*ftl are connected 

by the link BC. If the crank ' i; . \^m(led, the crank 

/)F will also turn right-handed, '■ err <'.'Viecr** .suspend, wliich wi'i 
become zero when the crank .17(^ .ns positionap^o in line with the 
link J^Ci any further motion of Ali will cause lluA’link DC to^’eturn 
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toward its firet position, its motion being slow at first and then gradually 
increasing. This type of motion is used in the Corliss valve gear, as 
shown in Fig. 320. The linkage ABCD, moving one of the exhaust 


vt V 
\!/ 




or' 






- A >' 

rM 


valves, will give to the crank DC a dow motion, when C is near C\, 
when the valve is c1os(k1, while between C and C 2 , when the valve is 
opening or closing, th(' motion is much faster. The same is true for 
the admission valves, as shown by the linkage AEFG. , 

237. Linkwork _with a Sliding Pair. In Chapter X (§211) there 
was shown the relation between a linkage, such as the oncbin Fig. 321, 
and the simple four-bar linJeage. it is important that this relation be 
clearly understood before proceeding and it is sugg# sted that the reader 
review that discussion before studying -^d^^.ftillows. 



^ ai ; ^ 





aoi ohc (' ii'/i:‘ f r(;p ’ 


Referring now * wipea i( linkage are AB, BC, 

CD and AD, IheV^ ^ ‘Ilf) *.* ’ ' ‘‘Meeting at infinity, that is, being 
paralk'b and perpd * iilar to tlu- , line of the slot in T. It should 
be bor\^c in mind t (, th(5 pi(‘<;e T is not one of the links of the four-bar 
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linkage, but that T and the block pivoted to the link BC, replace, and 
constitute the equivalent of, the two infinite links AD and CD. 

Four distinct mechanisms may be obtained from this form of the; 
linkage by making each one of the links, in turn, the stationary link. 
These four mechanisms, with applications, will now b(; discaissed. 

238. The Sliding-Block Linkage. Considering the piece T (Fig. 
321) as fixed gives^the mechanism shown in f'ig. 322 which is the 





{FiAcd Axis) - 



f3 


c: 


i IHc. 

I 

jiiuy ih wi. 

mechanism commonly used in 
When employ('d in a steam enfT.^'ij** “ 
head, is the driver and the crar^’^^ 
reverse is the case. f 


'■'.B 






^acting steam engines. 
, called the cross- 
•'^in a pump the 

>A'l 


H 0 

• v necessi* * f 
I ^ thfT ■ . ^ of i. *■ i 

• - • slE 

Movement of Crosshend. In Fj^ f'v-t AB rep^ip^^nl the '‘rank, BC 
the connecting rod, and mn tlu* path of the point -■ in the cros'liead. 
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Tho travel of the crosshead mn is equal to twice the length of the 
crank AB anti tho distanct; of C from A varies between BC + AB 
= An and BC — AB = Am, AB l)eing the length of the crank, and 
BC tho length of the connecting rod. 

'Fo find the tlistance the point C has moved from n, tht? bt'giniiing 
of its stroke or travel, let the angle inad(' by the crank with the lino 
An bt* rt'prtwonted by 6, and draw Bg perpendicular* to An. The movti- 
ment of tht' erosshead from the beginning of its si ^jke is, for the angu¬ 
lar- motion & of the crank, ^ f 

Cn — An — AC = An 
F’l om tire right triangle BCg 


Hence 


gc = VB(f-^ ;y 

*_- V . J*- 


Cn = An - AB 
= AB ABC - A 


. .:‘V- -A-:- 

’ - AB cosJ.: * 


= AB (1 — cos 0) A BC 


I 


-sA" 


A/r 


BC 


72 


si n- 6 


1 . 


(711) 

(77) 


It will be noticed that E(|uation (77) indicates (hat tin* disidacnru'nt 
diffei-H from that whi(ih C would have if its motion wi're harmonic 
(assuming AB to turn rnth imiform speed) by the terra * 


BC i 1 


1 


=^<«n“ 0 


'^10 1 

Var ; incrca.'ics njlative to ylB. 


(See Equation .5, pag(i 7.) 
and that the valine of this term dec 

That is, the longer the comn'ctiiic^J^^r :«*' ; relative* to the* crank the 

A |,|y motion of the cross- 
appi-oacln‘S harmonies motion. 
jjlPV', vThe motion may be* re[)r(‘S(*nted 
fg^»jf^"riphicallv by plotting a cur\e, 
W:\ .ore the ordinate's r(‘})res(‘nt suc- 
iu* sive values of (Jn, and t he abscicsse 

^ angular ])ositi(jiis of the 

ank AB. l<"ig. 324 shows t la* cm v(‘ 
* -fo / .’(e; linkage given in Fig. 32S, the 

,ot tvhf; e ;• r\i < r(;p’te(l line being the corn-sponding 



Fig.^ 


. .mg tne corn-sponding 

gh w^Li^-h ( • leve,.^,^^^ If ||,f. motion of C, were har- 

^ t ht 


•(me. 


If a <levice J^i»nil that sti*. ^ig 325 is used, in whi(*h a rigid 

rod isyrttached to%Vio* crosshead, this rod having a slot in it at right 
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angles to the line of motion of the crosshead and embracing a block 
pivoted on the crank pin, then the crosshead wopld have harmonic 
motion if the crank turned at uniform speed. 



which only one of the links, namely, ih<‘ crank jXB, is Ji finite (juantity. 
Th(^ line of cenlcas and the infinites coniieciting rod are indicated in the 
figure. The other crank is an imaginary line parallel to the line of 
centers at an infinite distance' away. 


y'P 

I 




4 nu. 

anwa- ih wXy 

Linmr Speed of ('roitahead. It ’ '* ’i'.*s-neces's*‘ y;)le to (l('iermine 
the speetl ol the crosshead, and. ( ‘ t |( a steam engine 

for different ]X)sitionH of the s(r(. 3 »rtV. ^•^llf'd'tHe the crank pin is 
known. In Fig. 326 . ^ •• 

or ( 78 ) 

Linear spet'O ol /> , OIS i 
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Through A draw a line perpepcl^lar to tli»ccntel| » e of the and. 
extend the center line of the connoting rod line at ?«.'■ '* Then 

the triangles OCB alhd 7nBA are^iftiilar.^ Hence, X} 

OB AB' 


Substituting tliis in Eq. (78) gives 

Linear speed of 0 _ Am 
* Linear speed of B AB* 

or in words, The linear speed of the crossh^ 
is to the linear speed of the crank pi 
shaft and the point where the connectm 
the center 
From the 

Am ^AC 
gB gC 

Whence 


(79) 

, 4n of a steam engine 
^jce between the crank 
; ^.Perpendicular through 


of the crank shaft is to the 
ho similar triangles CA m- oMT,.'- ‘‘v' 


or Am =J 


, .4^ sin e {AB cos ^ + V B(f - AB^ siri^ 0 ) 

Affl - -!--- i-. 

\'B(J'-~A^mi^d 

Substituting this valu(^ in (79) gives 
Linear speed of C 


Linear speed of B 


= sin 0 + 


yli? sin 0 cos 0 


I'J- - AB^ gin2 0 


(80) 


This sam(‘ rc^sult may be dorWedJ^f^^ ^ her UK'thod. Let v repre¬ 
sent the speed of the crosshead, " ment, and t the time dur¬ 

ing which the displacement ha^*^^*" * " 
ds 

(See 


Then v = 


dt 


Letting w rep 
time and express. 


s = A 



:, r 3<.VfJnh 


y/iV^;ed oi AB in radians per unit of 


(76) may be writ1,en 
- AW sin= c^f. 

I . ,v. . 


Ther(‘fore ,R^tyV A ’ 

Linear sriecM • ■ • ^ ^ x 


Ibit the liiK'arl 
Th(?refor( 


jDt the c a /I I i rc!p,\ 

^ijch w4iLi,ch t:* leve. 


. , o}A B" sin oit cos (at 
. <at -1-• 

VBC''-AB^s\id(at 


hi’ ^01 •!,/, 

biiK-l * !-1- 

Line% "petxl of /i ***'. 


A B sin (at cos (at 


■A^ sin^a;^ 


( 81 ) 


( 82 ) 





•Whi|» = 90“, ^ 
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= and the!^%neds of C and B arc eqUal. To 
find ot!^gr values id®?, w|^n C and B have equal speeds; frail Equa¬ 
tion (80), y- j V' 

. - , -A^sin 0 cos 0 
= sm 0 H—> == 


^y/BC-- AB^ 0 

Solving this for sif 0 gives 

Sinf = -SE-l^BCdbVsZ^ + ZfC*}. 


(83) 


•f A * 

The linear speec’- - ,->'4^cwoen C and B may bo shown graphically, 
using coordinate a^ r representing th(» ratio and tlw' al)- 

s of the crank AB. Fig. 327 shows 
Fig. 328. 


sciasjE representing i 


the curve for the linlj 




—1 

— 






vll ^ 





^\i 

'\ 1 






w 1 1 



X 


:yf5-i>0‘ !ky ISO' i80‘ 

Fia. 327 


Fig. 328 illustrates other methods of showing the linear speed ratio. 
In this figure the constant linear speed of B is represented by the crank 
length AB. From Equation (79) 

Lin/ ” speed C Am 

Lii " JTi 

Therefore, by laying off anuy ift wl,e AB, which shows the crank posi¬ 
tion, the distance At = .^jjirrgstofri^'poating tliis construction for a 



’* tnsio ^ 

■''‘‘‘*'t^,^ -necesi£* ■ 

‘ . of b '*’1 

ji'Ki'tiie J 


4 


sufficient number of crank positioi;-tv*' ■.;*^' cur\^ will be obtained 
where the intercept At on the ci/ h- shows telocity of C, AB 
being the (?onstant velocity of Bi .; A similar curve ould bi‘ foiled for 
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the crank positions below tiie line MA. Similarly the full curve Nt\M 
might be obtained by laying off on the succcjssive perpendiculars drawn 
through the point C the corresponding distances Ata. The dotted curves 
^aro the corresponding curves for hannonic motioiVand are circular. 

If, in Fig. 326, the crank AB is the driver, itpan always produce 
reciprocating motion in the block at C; but if the Idock is the driver, it 
cannot j)ro<luce continuous circular motion unlessl'omc means of pass¬ 
ing the dead points be employed. This is usia ly accomplished in 
steam engin(‘s by attac!hing to the cranl^haft ^avy fly wheel, the 


momonlnm of wliich cames the crank t 
possi])ility of starting at the dead poi^ 

To obviate this difficulty two era 
may be combined, as shown in Fig 



points. The im- 


' V/.«mechanisms 

'tf • * 

f*A' cranks are placed 


at right angles to each other ^md ^ shaft. This combination 
is employed in locomotives, mar’ne engines, one 

crank l)eing very near i^ j oe acted on by the rod while 



‘passing the dead points sometimes 

Ti.. L 


the other is at a d/ 

Fig. 330 shot 

used in marine {wo connecting rods BC and BCi 

are locrdtHl in ^ i.i .t upon the same crank AB. lly 

suitably formin^^k|^p|K^^V,',,, * “*is, .they might be located in the 
same plane. 'f • ^ 

Acceleration (V * ' • fe' « ^from Equation (4)) a ==• ttj where 

wt th«,* r a /ii i v(»p' 

a represents the Irh w.^1(;!i t ■ leve. f-r spentd and i the time. Equation 
(81) may be ■< q, ■ 


r// ... . ) 

a = —t uAB Hill cM.tx / 

V ^ VbC~ - A Ii- .sir.2 


AB" si 11 ^ (iit^ 
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= u^AB cos oit +• 


(cos^ (at sin^ (at) . u^AB* sin^ ut cos- tat 
■ (BC'- AB” sin= to()* (BC® - Iff sin’ »()| 


(84) 


Tho acceleration way be fount! with a fair degree of accuracy graplvi- 
cally by plotting al/elocify curve as shown in Fig. 331 in which 
abscissae are hnear tlstances representing time (for example, each space 
may represent oneliecond) and the ordinates are the con’esponding 





\ ‘Then if a^*. * \ 


velocities of C. 'Then if a . T wn at any point as k and this 

tangent is made the hyi)otcnub.^^g„i^^ whoso base is 


parallel to xx and equal to the^i^j^ 

it!^r 




^onts o#ie time 


_ •* 

' iT^ necesSi* * 

. oi't 


unit, then the altitude pd represciilbv^'' j - ''dt the same scale 

at which the velocity ordinates, -..’"■vi'tcd. ‘ shiiiher words, the 
slo]ie of the tangent to the vek ^ vfitne curve iipWi'sents ihc accel¬ 
eration. ' f 
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239. Swinging or Rocking Block Four-Bar Linkage. Referring to 
P^ig. 321, if, instead of considering the piece T as stationary, giving the 
four-bar linkage alrmdy discussed, the piece BC is made stationary, 
the linkage becomef-mhat shown in P’ig. 332. Here BA is a crank but 
A is now the crank lin. The pin C is a fixed axis with the block swing¬ 
ing on it. As the clink BA revolves the piece T oscillates and, at the 
same time, slides balk and forth over the block. 

Tliis mechanism ’' applied in a modified form as a quick return 
motion in certain r hine tools, particularly sfiapers. Mgr 333 is the 
same as Fig. 332, ti[.‘'' '’',i^yjthe line BC vertical and with the piece T 
extended with a coi ■ drive. th(‘ rani of the shaper. The 

apparent objection '^^‘^'^f;hauisin in this form is that the fioint 

K moves up and dovM' ^ time that it swings. The only real 

purpose of the slidiiw ! 'f' over I he block is to allow the dis¬ 
tances between A ai/l « the crank BA revolver. Tliis is 

accomplished equj^ly weir',pivoted on the pin A and the 
arm T swings on a pin at- iP^wn in Fig. 334. Fig. 330 siiowT^ 
one way in which the mech' ^l fim is actiuilly used. The crank BA is 
in this case the gear M. A us a pin fast (o M and cairies a block 
which’ works in a slot in T. M is driven by the pinion K. The link 
It conneids /V to the ram li wliich carri(*s tin* cutting tool. The length 
of the crank BA may be changi-d by turning the screw S, thus changing 
the length of stroke of the tool. 

Ratio of Time of Cidtimj .^’’^oke to Time of Return Stroke. Fig. 336 
represents, in diagramniati ’ ’, the mechanism of P’ig. 335. The 


driving crank BA turns ri 


4 


’ed as shown by the aiTow. When 


the linkage is in the posil”^^ jf|J‘'^the tool slide R is about to start 
on the cutting stroke. -^Iroke while CN turns through 


the angle NiCN or BA turns . 
its return .stroke while BA is 
assumed to turn at a uniform ang . 

Time required fo-i3 ^^ 
Time required fo, '».i 


Angular Speed of Swinging Arm., 
arm CN for any iiosition as CNz'-.a 
§ 228, remembering that the infini 
to CN. ^ 

FVom Plquation (73) 



«. Similarly, R makes 
^ angle fi. 

ifRKV 


If BA is 

H-. 


■( 


'T, msie i 
• -,{• '■ 
t .jS-necesa-' 

tb'‘^-‘ ■, •. oi‘ t. 

.'I'xl'tHe 

■ Bm 




Angular sj _ 

Angular speed BA CA 2 


of the swiii^g 
•le principle of 
s perpt'iidicular 

. w) 

• shi 
ipiV 
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Then if the angular speed of BA^ is assumed to be one radian per unit 

of time Bm 

Angular speed of CNz = yrr ’ 

( iyA.2 

Sja&bfe the linear speed of a point on a swinging 
igular speed of the ann multiplied by the distance 
: axis, the lin(;ar speed of N 2 becomes, from Equa¬ 


tion (85), 


jinear speed Nn = CW 2 X ■ 


!\ •) ^ 




( 86 ) 



Linear Speed of Tool Slide. If ‘‘/"Yijs^ neces^- • don of ('*V 2 and 
tlu‘ pc'rpendicular to RiR at R-i t ' falls outside the 

limits of the drawing) is represotV*-'' y,^*Hi'tHe then 0 is the 

instantaneous axis of N^R^ and - ^ 1 

Linear spt 


» fi’f' 


(j 

7\i 


shi 

OR« \pp’ 


liinear spc(‘d of A'2 ONz 


I 


(87) 
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( 88 ) 


(89) 


By drawing XXi parallel to RtNt, Equation (87) may be written 

Linear speed of _ KR2 
Linear speed of N 2 TN 2 f 

Substituting in (88) the linear speed of Nt obtaineVin (86) gives 
Linear speed of R 2 = CNz X 

Cil2 v -iVa 

When, as is usually the case, RiR is perpendicula to CB, the triangle 
N 2 Cy, formed by the intersection of R 2 N 2 (produ^j if necessary), with 
CB produced, is similar to triangle R20N2ithcref^ '■ 

OK. 

^ ; ^.')e 

Hence Equation (87) may be wTittB/*rx- 

Linear speed ^* 

or 


Linear speed of R 2 = 


Linear speed ^/^^^,..'2 \ 


(90) 


Caj. (9.1) 


It should be remembenMl that E(pi{UionT89) is general and that E(pia- 
tion (91) applies only wli(‘n the path of the tool slide is perpendicular 
to the line of centers CB, From each of the Equal ions (89) /ind (61) the 
actual linear speed of the tool sli<le is obtained by multiplying tlic right- 
hand side of the equation by the angular six^ed of the driving crank, 
BA, expressed in radians per unit of timo^i 



OsdUatimi Engi 
engine, known as 
the apj^flicatiori of 



• 


chQ r 11 /i I * * re^ 

w^ijeh r* levr’*’* 

' r,' ' 's in diagrammatic form a type of 




- jscillatiiifj. which still further illustrates 

swinging block linkage. Here the crank pin A 
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is connected directly to the end of the piston rod, and turning is made 
po&<4ible by pivoting the cylinder on trunnions at C. The links of the 
equivalent four-bar Unkage are indicated in the figure. 

240. Turning Blmk Linkage. If BA (Fig. 321) is made the fixed 
link, the four-bar l*kage becomes that shown in Fig. 338. Here BC is 
a crank turning ablit B and causing T to turn about A. The ratio of 



'\ Crank 

V 

\ 


4 mc.Fio. 338 
A 

the angular speixl of T variable, since the ratio of the 

perpendiculars from B ‘^* ^^**'theoretical con¬ 
necting rod vawes. 

Whitworth Quick Return in 






used as a qiiick-n'turn mechaiTinp^^ 
(Fig. 330) turns uniformly Hgh - 
position (\, t he slide* R will travi^^^ ^ 
to the end of its stroke at the 
tb*c slide R returns ' 


' the linkage when it is 

Ti* A t- ^ _i_ n/y 


fc V. •" 

*■4’- 


6^'“ 

^ ’^ifion a 

Jj'-l'W 


If the crank BC 
'ilo the 


tns fi-om 




Time of retiu.i *•* *" 

t<^.,is-necesa' 

To locate the center A, given tb<l-‘ : . oi‘ b cutting stroke to 
return stroke, the line of centeis, tl> ^ ,fi»^d'tlie BC; make 

the angle CiBA equal to whei-f* , niid 

2 p time ^^^^jClnni stroke 

draw C\A through Ci perpenilicular to the line of nteis; tin* |oint A 
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is the axis of the link AN. If the stroke of the slide R is not on a line 
passing through A, but below it, as is commonly the case, the time 
ratio of cutting stroke to return stroke would bt| somewhat different 
from the above. 

The ratio of angular speeds of AN and BC and 3 linear speed of R 
for any position of the mechanism may be founc y a method corre- 



Fig. 339 

spending to that used for the swinging block quick return, d(3scrib(;d 
in § 239. 

It will be noticed that this is similar in appearan^’e to the swinging 
block mechanism shown in Figs. 333 except, that in this cjuse 

the driving crank is longer than the li^®1io>TiU-rs, so that the piece T 

’Fbn!:/ , 





the <: ;t !U i\ii, .340 

wi^'icli ti 







fm 



B 


i 

S 



r' 


makes a completoW ^ pn BC ttirns once, whereas the arm T 
in Figs. 333 and 33V(i(> eiy </!||^l<».t(;.s. 

Fig. 340 shows ifcT.ore detail tin; manner in which this mechanism 
is actUJ|i'ly app’ied. 
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241. Sliding-Slot Linkage. If thc blopk, Fig. 321, is fixed to the 
fnirae so that it can neither turn nor slide, the resulting mechanism is as 



the fixed axis C. The eonne.cling rod BA may make complete turns 
about the axis A, at the same time that A moves in a straight line, 
carrying T with it. If BA makes a complete turn relative to A the 
stroke of T is equal to 2 B.l. ^ 

Kig. 342 illustrates a maniuy ih which this mechanism may be applied. 



carrying the pin B forms the connecting j ^ , wheel may be made 

to rotate about the axis/I by a worm k('yeil to 1 1 shaft T. 'Die Avorm 
and whetd are kept in contact by a piece which supports tb«' bearing of 
A, hangs from the sliaft T, and confines the wonn between its b|urings. 
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A rotation of the shaft T will turn the wonii wheel, causing a recipro¬ 
cation of the axis A , and consequently of the driving shaft T, throi^h a 
distance equal to twice AB. 

Fig. 342a is another application of this linkage. 



Fig. .342a • 

242. Expansion of Elements in the Linkages with One Sliding 

Pair. In the preceding discussions no consideration has been given 
to the diameters of the cylindrical pairs of eh.nionts included in the 
linkages, nor to the size and form of the links themselves, except as 
they were touched on incidentally in illustrating the manner of apply¬ 
ing some of the mechanisms, as in Figs. 33.5, 340 and 342. 

Alterations in the diamel,('j:s pairs do not afflict the relative 


motions. Also a cht 
relative^*' 

* - nanged 
)ssible 
1 changes 
f the mech 
to consider a few eai 
The sliding-block li 
of its links is rnorii o; 
pairs, and th<‘ir forms 
of the lat.ter, although 



jV,^|le^of the links does not alter the 
|^'•^enter lines of the elem(‘ntary links 
^.‘.‘f|^ge may make the action of the 
; |of the elements of the cylindric 
Jinks sometimes concisal the real 
'i' Ziich indistinctness, it will be wiill 


RatrV'l 

to* 'if 

332 will first be considered. Each 
ch (;onnected wit,h its ihret^ cylindric 

'iw (.if-refore dependent upon the relative siz(« 
lis siz(5 does not affect, the nature of thiir rela- 
iivt^ motion. lOvidditly the combination is not altered kinematically, 
if the d|imet(;r (>f the crank shaft, is increasenj so as to include the crank 
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pin as shown in Fig. 343, where the different links are lettered the same 
as in Fig. 332. S is the enlarged shaft whose center is A. The open 
<ylinder of the fixed* piece T must be enlarged to the same extent as 
the shaft, so that i\m pair is still closed. 

This arrangemenjiis used in practice, in some slotting and shearing 
machines, to workfi short-stroke pump from the end of an engine 




^ 344 



WV B 


I \A’ith ce 
the sh^ 

AB is ca. ‘ • 
.{form only fr*;’ 


to operate tlu' valvt 


the eccentric is E and is in realit;^.^ 
made fast to th(‘ crank shaft so 
tht axis A. I'he length of the 
eccentricity. This mechanism, 
common crank and connecting rod, is'jO'^nsioT 
mec.hanism in steam engines, w^hei’C it' .s nei^ps'sary to obtain ti reci|> 
rocating motion, often loss (han the diame . oi the engine shaft. The 
part of the i*od AT w'hich encloses E is calU'd'tlie eccentric strap, and is 
miwlc in two parts, and may be si'parate from K, the eccentric rod, which is 
usually bolted to one of these parts; the cylindrical pair is also so shapeil 
as to allow' no axial motion of K on E. | 
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If the crank pin is still furtlier expanded until it. includes the cross- 
head pin, the an’angement shown in Fif;. 345 is obtained. In this Case, 
the element of the cylindric pair which belongs ^ the crank AB has 



M 

-/-,_ 

r—, .1/ 

I- -». AelClfif ,-F’- 

’7»j-1 


\ 



been inverted, and thus made opi-ii. v < . ' BC becomes an or centric 
disk which swings about the axis of bi'ai..' ^ the pii'ce M, luid is always 

in contact with the hollow disk A’, ean-ievt by the shaft turning in T. 



Fie. ;M0 


If, instead of enlarging tla; crank pin to inelnde the erosshead pin, 
the latter is enlarged to include the lorin(!i*, l.lie arrangennait shown in 
Fig. 3^’ is obtained. The rod B(’ is again an (ic-centric, disk or annular 
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ring; but it now oscillates in a ring forming part of the piece M, while 
the crank pin drives it by internal cpntact. In order to make the 
relations of these expansions more deaf, fine light lines have been 
drawn in each case, /^lowing the elementary links. The above exhausts 
all the practicable (fembinations of the three cylindric pairs. 

In Fig. 346 the liric K may be replaced by an annular ring containing 
the crank pin and t Icillating in a eoiTesfwnding annular groove in the 
piece M. So long a the center of this ring remains the same as that of 
K, the mechanism mains unchanged, and as* the motion-iof the ring 
is merely oscillatory^ i >' r^W^^ctor of it need be us(3d and enough of the 
annular gimjve to a, f \«|fcficient motion of the sector in its swing. 


Fig. 347 represents ?«nt altered in this way, the different 



J)#* 


347 


s f 


parts being lettered the same .as in Fig. 346, BC is still the connecting 
rotl rtsplaced by K and its motion as a link in tlui chain remains the 
same as btiore, and is comphiely restrained; the shape of the sector 
always fixes the length of the connecting rod. 

This mechanism is made use of in theHtevenson 
find CJooch revin-sing gciars for locomotives, and 
in other places; the chains are ntf^there sijl^ 
but comiKJimd. It will be noticed that if the 
railius of the slot is made infinile the result will 
be as in Fig. 325. 

The mechanism showm in Fig. 318, which some¬ 
times occurs in slotting and met •^;pjnehing 
machines, is another illustration of pin exp msion. 

The whole forma a sliding-block ftnkage; the 
link K is formed essentially as in l*’ig. 34/, but 
here (Ik^ profiles against which it works are 
coiic.aveon both vside*s of the <Tank jfin, t he upper 
profile being of large, and the lower of very small, radius, but bol h forming 
part of the block M. The work is ilone when the block M is i^oving 



Fi(}. JvtS 
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downwardly and the small radius profile being then in use, th^ ^^ctipn 
,is reduced. In this case the bl^ M is so enclosed J^y theg^des^'y 
that the profiles representing the crosshead pin he entirely within the 
sliding pair, an illustration. of how the method '^pansion can be 
applied to the fourth or sliding pair. 

The illustrations in Figs. 33t5, 340 and 342 furJjh further examples 
of the expansion or modification of various parts of the linkage in 
order to make the mechanical application possibk^ 

A change in the shape of an elemcntjj,ry lii)H|frequently ptirmits 


motions to take place which are not othn^jist'A'^jble. In Fig. 349, 



for example, a complete rot ation of*^ ^pse a reciprocation of M 

would Ik; possible with the open rou‘^ ' around the fixed shaft 
E, but not with the elementary link hy a light line. 

243. The Isosceles Linkage. If the fink BC (Fig. 321) is made 
equal in length to AB the result is a series of mechanisms analagous to 
those obtained from Fig. 321 l)y fixing succ(;.ssiv(iy the four links. 
The mechanisms obtained, huw(*ver, have special properties due to the 
equality of AB and BC. Moreover, it will be seen that the four castis 
obtained by fixing the four links are reduced to two.since the same 
result, kinematically, i s^qbta iiied by fixing the block M as by fixing 
the piece T and thiyj(^PIfl%and by Hiring BC as by fixing AB. 

They ' jt0^Ufing-Block Linkage. If the piece T is fixe<l as in 
■FJ" * • ae mechanism corresponds to that of Fig. 322. Here (l^«g. 

17? is the driver and C starts from the position (\ it, will !»o 
iien the crank AB is at an angki of 90° with ACi (th<! pAth 
liat C is directly over -4|^|nd any further rotation of AB wall 
cause only a similar rotation of CB. In order to cause C to continue 
in its path from this position it will bo necessary to pair points on the 
centrode of B(‘ for this position (when T is fix(Kl) with the correspoml- 
ing points on the centrode of T (wdiim B(' is fixinl) as was dom* in the 
case of the anti-parallel crank linkage in Figs. 3lb and 318. 

The centrode of BC is th(i cireh* drawn about A as.a center w'ith 
radius^ d.5. This can be seen as follows; 
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III any position of the linkage, as that occupied in P'ig. ^50’, produce 
to HH'(!t the pcrpepdiculAr to i4 6V through C, at 0, thfis finding the 
mstailahcous'^is fqr that position;> Prohi B draw Bk perpendicular 

to ACi] then, si%eej|l£>C is an isosceles triapgle, Ak =‘fcC'= “• Hence, 

^ AO 

from 1 he similaritylif the triangles AOC and A Bk, AB = • This holds 


for eveiy position the linkage. Therefon* the, locus of 0, the instan- 



From tlie properties of cenivodis previously brought Out, jk 

liO is made 1‘asl to a disk of radiusyl/? (= BC) with the poin \s 

center and T on its circumf('renc(‘, and this disk is rolled insid, 
hollow cylinder of twice its own Ijianieter, BC will luivi' (iV snuK* 
motion that it Avoiild if it ivere ihe connecting I'od of tlu' actual four-bar 
linkag(‘ ABC, and C will travel on a diamider of the huger cio le. 

It is I'vident that since B(' is a radius of tiie c('ntrode of T tthat is, 
of till' disk just relV'ri'ed to) and C has a mc'tion along the diami'ier 
CiAC‘i, if BC is prolongc'd to A’, making BB equal to B(\ I' uill travel 
the iliauieter being at A ^^heli (' is ;it ( i. at J'A when AB aii<I /if’ 
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are perpendicular to C^Afl above CiACs, at A again C is at C 2 , 
and at E 4 when AB is perpendicularly under CuiCV ;..V 
If now, when the actual linkage is used, with tlie '^pjlecting rod 
prolonged to E, a pin is centered at E'am} cop''^T|pondi^ fixed eyes 
at Es and E 4 as in Fig. 351, a means is provirfd , for causing C to 
continue in its path when AB is in the 90° position^ 



It should be noticed that the paths of the points C and E, Fig. 350, 
as shown above, when considered as points of the cireunihu’enco of the 
smaller circle (that is, on tlie surface of the centrodo of T) art^ hypo- 
cycloids with the circle AO as th(‘ dirc'ct.ing ciicl<‘ and eirel(‘ BO iis the 
generating circle. From this it is evident that the prolongation BE 
need not be in the sam(^^il|^^.s BC bi^may be at any angle as at BE^, 
providetHl ^ , eve^ ..;^^.,T)er]\ located. 

turns at uniform angular sp(‘wl C has harinoivc 
17?-r the path CiAC^z for C Ls always found at the foot of the 
jw h(rrular OC and O is always on the line AB produced distant 
0’ This agrees with the description given for harmonic 
o'-inotionl^n Chapter 1. 

In h’ig. 352, Jc'ttored to correspond to Fig. 350, the actual crank yl 7? is 
omitted and a block is placc'd at the end of t he rod BE to guid(i E in a 
slot wlioso center Unf' is a straight line passing thmugh A. The nature 
of the linkage remains the same as in I’ig. 350. The imaginary line 
joining B, the rniddh^ ]X)int of Ed, to A, the pfnnt of intersectioti of the 
center lines of the slots is still (he tlicort'lical (nank and, if motion is 
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imparted B will move in a circular pfcth about-'A. The whole 

may be thp>:^|it of two four-bar linkages ABCD and ABEDi, with 
the crank A^k^Jommto to the^two linkages. 

The Elli^filTrap^0l, which is so commonly used for drawing ellipses, 
is an application the principle, of the isosceles sliding-block linkage. 
Referring to the a^.ual linkage as in Fig. 353, and its equivalent as in 
Fig. 354 (with CBAa. straight line), it has boon shown that E (Fig. 353) 
moves in a straigh* line through A and that B (Fig. 354) moves in a 



circle about A. If any oUkt ijginb as ^|piPs.he rod CE or CE pro¬ 
longed, is c’hosen, P can be shown to move in a pai ' ■ on ellipse 

with axes lying along the paths of C and K and with semi-a.. in 

kmgfh to PE and PC. If J^E is less than PC the minor axis ^ 

tla; path of C. If PC is less than PE the minor axis lies along • . 
of E, as in the figure. y 

In the elliptic trammel the inechai?ism is usually applied in tli\- form 
corresponding to P’ig. 354 and the ellipse is usually traced by an ad¬ 
justable point outside of E or C as in the figure; E and C are made so 
that, their distance apart is adjustable and tlaw are set one-half the 
•lilTercuKa' of the rnajt)r and minor axes apart. 

An (illip.se can be readily drawn by taking a card ora* corm'r of which 
shall reprc'sent the tracing point P. Points corn'spouding to ihe do- 
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siml positions of E and (’ aie thon inarkod on Iluj odgo of the card, 
and by placijig <hos(' poinis in snoeessivo positiojis on lines at right 
angles with each other, eorresponding to tlx' slots in which the blocks 
in Fig. 3o4 move, and marking the sticeessive positions of P, will give 
a series of points on the retpiired ellipse. 



To prove that the i)oint P niov(‘s 
PE (semi-major axis) ~ </,; (st'ini- 
The ctiualion of an »‘llipse rc'ferretl 


*• 1‘'t Pn — T- Pr - y] 
',/n “ 

'center as the origin is 


In Figs. 353 and 354 


£ 4 .^: 

V? ^ Ir 


1 . 


.r P)i 


and 


Pr 

a PE b ■ PC 

and, since the triangles nPE anrl rCP are similar, 


y. 

b 


I 


-le 
4/® 
hr 


,^hfhisc,iso, 
a 


Therefore 





nE^ 




PC 

pe' 


Pn 

i + 

Pr 

Pn , 

vE 

PE 

PC 

- rf: + 

PE 

p7l 

+ 

!r 

/■’ll/' , 

n bf 

'PE‘^ 

}>(' 

-f 

PE 


a:-' 


- 1 , 



Pn + uE 


ta 


- J. 


showing that llie lo' iis of P i< an ellipse. 

By fixing ilie link liC, I ’ig. 350, 01 I la* e(|iiivMl(>iil. fixing tlu' eetilers 
(! and E fallowing tlie block'- to turn), l'’'g. •I.'li (»i’ Fig. 351, the meelian- 
istn e(nY'f^l^<^^*iding t,o th(' swiriging-bloek linkage', I'ig. 332, is obtairuxl. 
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Two examples will be considered in which this linkage is expanded in 
the manner siiggoisted in Figs. 352 and 354. 

Th£ Elliptic Chuck tleponds upon the principle proved for the cllii)tic 
trammel and upon i>rin(aphi, pnwioiisly refoned to, that the relative 
motions of the i)a]fcs of a linkage are indepemdeni of the fixedness of 
the links. t 

Now in drawng an ellipse with a trammel, the paiw;r Is fixed, and 


the pencil is mov(‘d over it; but in turning an ellipse in a lathe, the 
tool, whicrh has Ihcs same pofdiion as the pencil, is fixed, andfthc piece to 
be turned should ha * e Buch\ motion as would compel the tool to cut 

t'*“i Jl 



1 ^. 351 




c'lllpses. This is accomplished in the elliptic chuck, in ^ * -the 
spindU^ of lh(' latlio, with .a block on it, correspoiHh to the i .l 

I*’ig. 354. In another fixed bi'ming whose axis corresponds '• 

aiiothei shaft having a block on it. ^'he point of the cutting.tc,' ’‘•■'li. 
a fixed iM)silion conesponding to l\ 

'^lH^ pi(a*e carrying tluj work corresponds to T and has 1^vo sloi'^ 
at right angles, sliding ov(‘r tin* blocks on the spindle and the axis C. 
'The lurning of the •spindle causes the jjoint. of intersection of ihc cimiIcv 
lines of th<‘S<' slots to mova-. in a circle .about (lie axis of the s])iiul!«' 
and tlu'wlu)l(' pi(‘ce to have such a nn)tion that thi* {)oin( of the tool 
cuts an cllipst' from the mat (‘rial aitacla'd to it. f 
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The Oldhams Coupling shown in Fig. 355 is an interesting example of 
this form of linkage. The axis E of the upper shaft corresponds to E 
in Fig, 354 and the slotted disk on this shaft corresponds to the block 
at E) similarly, with the shaft at C. The intermediate disk T with 
two projections at right angles across'its diameters |3places the cross T. 



tions. The (lf*tails of application are somewhat different. Fig. 356 
shows «ho mechanism. 
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If r is on a .shaft' centered at A the crank BCj through the arm T, 
will cause the shaft at A to turn at an angular speed equal to one-half 
its own. There may be tw'o arms BC and BE with coiTCsponding 
slots, the result being the equivalent of a two-toothed wheel driving, 
internally, one of four teeth. If-there were three arms and three slots 
the equivalent gears would have three and six teeth. 

244. Other Forms of Linkwork with Two Sliding Pairs. Fig. 357 


shows a combination of an eccentric circular 
disk A, and a sliding-piece moving through 
fixed guides, one of^*which tc shown at D. A 
uniform rotation of, X ^ibout the axis a will 
give harmonic mot’‘r>\to This can bo 
shown by noticing * • .. the distance which C 
has moved from i® V.ghest position is 


cd = <§ — ab (1 


harmonic 
» the slide. 



which is the equation 
motion wher(.i 2 ah is tl'?* 

Tliis mechanism ca^t+o a,, ? 'und by an 
(‘xpahsion of the crank^' | ' * 325, until it 

includes the shaft A, tl t correspondingly enlarged, ana then 

after turning the figure ^ . ’ 90°, omitting the lower part of the 
cross, allowing tli(‘ pairing to be by force-closure. 

The Swash-Plalc. The ap]>aratus shown in Fig. 358, knomi as a 
swash-plate, consists of an elliptical plate A set obliquely upon the 
shaft *S, which by its rotation causes a sliding bar C to 
move up and down, in a line parallel to the axis of the 
shaft, in the guides D, the friction betw(;en the end of 
the bar jind the plate being keened by a small roller 0. 
VVlum a roller is lalWi, t he the bar (/ is approxi¬ 
mately harmonic — the smaller the i • ’oser the 

approximation. If a point, is used in ph ^ ' the 
roller, the motion is harmonic, which can be . .s 

follows: ‘ \ 

Since the bar C ren^ins always parallel to the ?' Vn'o. 
the shaft, the path of the point 0 , projected upon an 
imaginary plane through the lowest jwsition of 0 and perjicndicular 
to the shaft >S, will be a circle, and the actual path of 0 on the plate 
A Avill b(‘ an ellipse. 

In Fig. 3.59 let eba represent the angular im-lination of the plate to 
the axis of the shaft, ab the .axis of the shaft, eof the actual jiathof the 
point o on the plat(‘, and the dottetl cirede erd the projection|of this 
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path upon a piano Ihrough e (the lowest position of o) porpoiKlicular 
to the axis ab. 

Draw am poriunulicular to cf, or perpendioultir to the plane? erd, an<l 
rn perpcMidioular to cd, the diameter of tlu' eirelo crd. Join 7 im, and 
suppose the plate' lo rot ate through ait angle car — 0, and thus to carry 
the point o through a vertical elistance eepial to or. 

Then 



or*= mu = ab X — 

(O 


CO/ 


Fig. 359 


- - tv'") 

-tv") 



;os 0 ), 



e)!’ harmonic inolie)n. In 
de?nt crankj juiel is eeiiial 


•‘rse'.xes of the four cylin- 
tJS ’'1, hut leave a cemunon 


or the same formula as was derive;eF 
this (‘ase nb re'presents the !e>ng(h oi 
in leaigth to one-half of tlie? stre)ke o} 

246. The Conic Four-Bar Linkagl 
drie pairs of the four-bar liid<age‘ are- 
point of intemsection at a finite elist~'ch;)in re-in.-ntes inovahle- 
and also closed (Fig. 300). The le-ngtlis ol tiie eliiVe-re-ni/ links will nejw 
be measured on the? surface- of a sphe-re 
whose center is at the penni of inter¬ 
section of the axes. The' axoids will no 
longer be cylinders, but ceme-r., as all the 
instantaneous axes must i):iss through 
the common point of intei>ec(ion cf the 
pin axes. 

The d^**’-J(ul#ms of the? cylinehic 
linkap^^^f ..-at themselvfis in the e;onical 
oijJ^ .4/'^ith (lortiiin diffe-ronces in their 



Fiei. .‘itiO 


. 4'liei prinrjipal e!ilTe*r(?nce is in the rel: 
ould vary if they we-re measured uij 


tt ive Ic'ngths of I he links, 

.. j ., . ^jeasureo upem sphorie'al surfnees eef 

diffcivnt r.aelii, the links he-ing nee;eissarily loe.*ate'el at differe'iit elisttme-e'S 
from the center of the .spher<' in order that they may pass <‘!i.ch other in 
their motions. TIk' ratio, however, b.etwe<?n tin- length of a lirdc and its 
radius r(?mairis constant for all vahu's of the radius, atul Ihesf' julios arc? 
merely the v.'dlies of the cireular measures of tin* angles suhlendi'd by 
the links. In place of tin; link lenglhs, I hi- relative magnil.iides of tlu'si' 
angles ^nn be emisideriid. 
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The alterations in the lengths of the links will now be represented by 
corresponding angular changes. The infinitely long link corresponds 
to an angle of 90°, jis this gives motion on a gi’eat circle which corre¬ 
sponds to straight-line motion in the cylindric linkages. 

Fig. 361 shows plan and clevati»n of a conic four-bar linkage ABCD, 
the link AB t.urning about A, and, for'a complete tinm, causing an 
oscillation of tluj link CD about D through tin; angle 0 , .shown in the 
elevation. In the figure each of the links BC and CD subtends 90°, 
while tluj link AB subtends about 30°, Varying the anglee which the 
• lin^ subl(aid will, of course*, vary the relative 

motions of AB and CD. 

246. Hooke’s Joint. If in Fig. 361 each 
of the links A B, B(\ and CD is made to sub¬ 
tend an ppgte of ')0°, AB and CD will each 
ma’ ^ '•ompl(*tt‘ rotations. "J''his mechanism, 
^ a Hooke’s joint, is represented bj*- 
and Dare tin* two inters* i'ting 
..v * h<* links AB and CD, fast to the 

•nd D n*- 

yj I 

3 ' ‘o subt('nd 
‘e the con- 
link BC also 
suiVn'iids 90°. 

In order to make* 
t 10 apparatus 
sti oJiger and stiffer, 
two si'ts of links are 
used, and the link 
CB is cont inued 
arouiuipiis slio^Plp 
thus giving an 
atlnular ring joining the ends of the double links CDC' and Bf Tilts 
ring is sonu'tinu's rt'placed by a sphere into wliich ihe-jiins 




Fio. 361 


J-'m. 362 


and B' ar** fitted, or by a n'ctangular cross with arms of a . . 
si'clion w'orking in the eircular holes at B, C, C', :nid B'. Or, (1,‘ un. 
BABi and (Vlf-S may be paired with grooves cut in a aplu'rt* in iilanes 
passing through the center of the sphere and at right angles to t'.ii'li 
other. Swell forms of Hotike’s joint are much used. 

Bdahvc Motion of the Two Conncctcil Bhoftx. - (liven th** angular 
motion of .ID, to find the angle through which CD Inrns. Fig. 3(i3 
allows a. plan and ehwation of a TTooK(‘’s joinl, so dr.awn that the axis 
is perpendicular to the* plani* of ilcvatitin. If tlu* link .ID i;^turned 
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through an angle it will be projected in the position ABi. The path 
of the point C will be on a great circle in a plane perpendicular to the 
axis D, wliich will appear in the elevation as the ellipse BCIH. The 

point C will then move to Ci, found by making 
the angle BiACi equal to 90®, for the link BC 
subtends 90°, and since the radius from B to 
the center of tin* sphen^ is always parallel to 
the plane of elevation, its projection and that 
of the radius from C will always be at, right 
angles. The pi/qected position of lh(‘ liiYkage 
after turning A through the angle B will be 
ABiCiD. I’o find the true angle through 
wliich the link CD aiid tlie shaft D have 
turned, swing the (‘llipi«BC7i' wath th(* axis 
D, until D ia^crp(‘ndieu\r to the jilaiu' of 



elevation 
found al 
angl(‘ Ti' 
which thU 
C DC] may 
dicular to % 

= <j), as she 
It is evid^ 



the point^O and C'l will la; 

/, resp(“ctively, giving th(^ 
" « the 1,ru(' angk' tlu'ough 
« turn(‘d. Or the ann 
■ Vsf'nntil shaft D is perpen- 
'it.al plane, giving CJiC\ 
^,,/n plan. 

iVom th(' above that two 


intcTsecling shafts (iorme-cKid by a. single 
irook(‘’s joint cannot have uniform motions. 
If, however, two ioints are us(‘d to connect 
two parallel or mters(;cling shafts, they may b<.* so arranged that tluy 
will have uniform motions. . 

247. Double Hooke’s Joint. Two parallel or intersecting shafts may 
be connected by a joinihmmd have uniform motions, provideA 

that ^he inte^^p^iale shaft makes egued angles irith the connected shafts, 
and th^lfiee links on the intermediate shaft are in the same plane, k'lg. 
3G4 gi^fa plan and elevation of two shafts so conrw'ctc'd, and the |)Osi- 
tidil al^ r turning through an angle Q. It is (widont that oiu* joint just. 
^^eutraliz(‘s tla* effect of the otlier^ 

The term universal joint is often used to designate the above- 
described m(‘(^hanisrn. 


248. Angular Speed Ratio in a Single Hooke’s Joint. Fig, 3t).o 
ri'produces th(! i*levation giv(*n in f"'ig. 393, which shows tin* ;ingles 
0 and 0 through which .1 .-ind f) move r(‘sp(H;tively. 3'h(‘ angle* fJA(^ 
= a will be llie* tnie afiglc be*! ween the plain's in which lln^ paths of tin; 
points ^ and (' lic'; to find the angh' «/> analytically in terms of 0 ami «, 
W'C have, from Fig. 3(J.‘>, 



LINKWORK 


289 


■ ^ , C/G _ C.F 
tan0- 


tan d = 


tanip CiF AF AF AC AC _ 

tan e AG C\F AG AC' ~ AE 

.*. tan <t> = tan 6 cos a. (92) 

To obtain the v(;locity ratio, differentiate equation (92), remembering 
that cos a is a constant; then 

(l(j> sf(^“ ^ 1 + tan- 0 „ , 

- 1 ^ = — cos a — cos a. (0;b 



1’ lir. «j04 

« 

If w(‘ eliminate and 0 from (‘qualioii (93), by use of equation (92) 
we shall obtain 


d4> _ cos a 
do J — sin- 0 sin- n 


(94) 


1 — cos- <f) sin- a 


cos a 


(95) 
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Assume AB and CD the starting positions of the arms AB and CD 
respectively; tlieii equations (94) and (95) will have'minimuni values 
when sin 0 = 0 and cos <^> = 1; this will happen when 6 and <p arc 0° and 

180®, giving J:- = cos a in both (jases. Thus the ininiinuin velocity ratio 
du • 


occurs when the driving arm is at AB and AB2, the corresponding posi¬ 
tions of the following arm being CD and 
-j CiD. Maxinuiin values occur when sin 0 

= 1 and cos <Jr= 0; then — = —» which 
• dO cos a • 

will happc'ii when 6 and <j} are 90° and 270°, 



4 - 4 - 



A F,C 

1 

1 


aid cos «; and Ixs- 


Henco in om* votAion of the driving 
shaft tbe_ji^ncit y ra\) varies twice be- 

Iween^^B^ 

^ I cos a 

tween®^^'^r . * ss there are four positions 
wheresanity. 

If the angle a increase's, the varia^ . 'jrSCmgular v(*loci(y r;nio of 
the two connected shafts also incr(‘as(®, 4n this variation beconu's 
too great to be admissible in any arrangements must be 

employed. 



CHAPTER XII 

STRAIGHT-LINE MECHANISMS - ~ PARALLEL MOTIONS 


249. A Straight-line Mechanism is ti lirikaji^o (Ic'.signed ^to guide a 

lociprocating piece eilla'r or approxiiiialely in a straight lin(‘, 

in order to avoid the Irictioii arising irom the use of straight guides. 
Some straight-line mechanisms are I'xaot, that is. they guule the recipro¬ 
cal ng i)iece in an exact straight line; otlui-;, which occur more fre¬ 
quently, are a,i)prox^'iat(‘, and are usually (Usigiu'd so that the middle 
and two (‘xtremo ])oyti<)ns of the guided point shall he in om- straight line, 
whihi at th(‘ sanu/rinn^ carc; ^^en that \h(> interim diate positions 
devia.t(' as e a^ possible f Iji”^ 

250. Peaucellier’s Str^;^ dC-'^^Mechanism. Fig. 366 shows a 

linkage, inviaited by M- • foi tiescribing an exact straight 

• 1 * 1 1 ** 

hue wjithm the limits ot^ ' ' - , 

It consists of eight lii*|_J d their ends. Four of these links, 

A, C, imd'D, are oipiat olhru* ami form a cell; the two equal 





links PJ ami /' connis t the opposite points of the ct'll, a and r, nilh the 
fixed centt'r of motion d; (.he link G = \ hd oscille.ic'’ on (he tixfJ center 
c, cd thus forming the fixed link ('(pial in length to G. 

If now tin' linlssue be moved \\i(lun the wti king limils of its eon- 
striiction (that is. nniil the links li ami (i, ami (' ami G eons' into line 
on oppositt' sides of the ci'iitt'r lint' of motion c./'i, the lell will ojK'H and 
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close; the points a and e will describe circular arcs about d, and 6 about c. 
Finally, the point p will describe a straight line ptTpendicular to tin? 
line of centers cd. 

To prove this, uiove the linkage into some other position, as ihdJhcd. 
(It is to be noticed that since the li^ks A and D, B and C, and E juid F 
alw’ays fonn isoscc'lcs triangles with a coininon base, a straight line from 
p to d will always pass through b.) If the line traced by the point p is 
a straight line, the angle pipd will bo 90°. The angle bbid is 90°, since 
be — cd = bic; therefore the triangles pipd and bbid would be similar 
right triangles, and we should have / 

pd _ b\d 
pid bd 


To prove that ss is a straight line it is necessary to show that the 
above relation exists in the different, positions of th^nkage. In I'^ig. 366 

\ 

FF-B^ = 2 (bf) ^ '^bd {bd + 26/). 


But, since the links A anti B are eejK » ,ngle pal) is isosceles and 

the base pb = 2 bf. ® ^ 

.>t>S '. . ( 96 ) 

By the same process, when the linkajp^ in any other position, jus 
piaibicd, we should have 

Er - -Rr = (bid) (pid) (97) 

Equating equations (44) and (45), 

(bd) (pd.) = (bid) (pid), 
pd bid 

or —, ^ -T-j f 

which proves that the pahll^^htf^lmnt p is on the straight line ss. 

If the relation between th(' links cd and he ho taken different from 


that shown (Fig. 366), the points 6 and p, sometimes calhxl the poles 
of the coll, will bo found to (hiscribe circular ar(!s whost^ centers are, on 
the line passing through c arul d; in the case shown, one of these cir¬ 
cular arcs has a radius infinity'. « 

251. Scott Russell’s Straight-line Mechanism. This mechanism, 
suggesbid by Mr. Scott llussell, is an application of tlui iNomdrs .didhiff- 
block linkage. 

It is made up of the links ah and pc, Fig. 367. The link ah, ceril('red 
at a, is joined to the midiile point 6 of the link pc, and ah, be and pb 
are taken e(|u il to each (jther; and tin; point, c is constrained to m<)V(; 
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in the straight line ac by means of the sliding block. In this case the 
motion of the sliding block c is slight, as the entire motion of y> is seldom 
taken as great as cp. 

To show that the point p describes a straight line ppip 2 perpendicular 
to ac through a, a semicircle may be drawn tlirough p and c with b as a 
center; it will also pass through a so tliat pac will be a right angle* 
therefore the point p is on ap, 
wliich is true for all positions 
of p. 

The point a should be locate^ 
in the middle of the path or 
stroke of p. The motion of c 
may thtm be found by the 
equation - 

cci = cp —^cp~M~ 


ll^tn 



where ap is the hall^troke of p' 
Approximate straight-li - 


lit 

I 


■ 1 * 


0 

d 


motions somewhat rosoml^. ir**i 
the pst‘co<ling may be ^ 

oscillating links, instead 


Fia. 367 


, / guiding Hie link cp entirely by 
_aiul slide. 

1° In the Ikik cp (Fig. ^ ‘ '-se a convenient point e whose mean 

position is Ci, and whose ex. i o. j positions are c and e^. Through these 
three points jiass a circular arc, ccico, the center of which / will be found 
on the line ac. Join c and / liy a link rj, and the two links ah and ej 
will so guide pe that the mean and extreme jiositions of p will be found 
on the line pp^, provided suitahk' jiairs are supplied to cause passage by 
tlie central position. 

2° The ])oint c may be made to move very nearly in a straight line 
cci by means of a link ccl centeredem a i|MgpM>diciilar erected at the 
mitldle point of the path of c. The IdngWKis link the neai er the path 
of c*will approach a straight lino. 

This straight-line motion has been applied in a form of small sta- 
tionjjry engines, commonly known as groi^nhopper cngincft, where cbp 
(Fig. 3{)7), extended beyonil p, forms the beam of the (’iigine, its right- 
hand end being siqiiMirted by the link«tr/. The piston-rod is attached, 
by means of a ci’osshead, to the [loint p, which describes a straight line, 
end the (ionnecting-rod is attached to a point in the line cp [iroduced, 
both ])ist.on-rod sind connecting-rod passing downward from cp. In 
this case it will b(' noticed that tlu' pressure on the fulcrum c, of the 
beam, is eipial to th(‘ diffiMi'uce of the pi-essiii»'^ on tlu; crosshead pin 
and crank-pin instcatl of the sum, as in the ordinarj’^ form of beam engine. 
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In tills second form of motion it is not always convenient to place the 
point a in the line of motion pjh, and it is often located on one side, as 
shown in Fig. 308 


p 



The proportions of the different links wliich cause the point p 
to be nearly on the straight line at^^; extreme 
raiddk' may be found as follows: 

Let p(j be one-half the stroke of|B||L * t"®? and let the angle hiic ~ 6, 
and bca = pbe = </». In this extrcMf^V:.’’ i wo may write 

ag = a/-/</ 

= rt&CO.St?» . 

■ = oh (l - P6(l - 

But if the links arc takcsi long (*noiigh, so that for a givi^ri stroke' the 
angii's 0 and 4> are small, then sin 0 — 6, nearly, and sin 0 = 0, nearly, 
and 

(’99) 



its mid-position, 


If the linkage is now plat 

' hg — (lb — pb. 
Equating Equations (98) and (99), 


or 

But in the triangle abc 


I ^ I V' 

oh^ = Vb-2’ 

a6 _ 

Jib 0^ 


(ih 

hr 

(ih 

pb 


si n 0 
sin 0 



---- nearly; 

(a- (a/>) {pb) = 6?. 


( 100 ) 


( 101 ) 
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( 


o- 



Hence the links must he so projwrtioned that he is a mean propor¬ 
tional between iih and pb, which also holds true when the path of p 
falls to the left of a instead of b(*tween a and c. 

As an example of the eas(i where tlie patli of the guidc^d point falls 
to the Ic'fl of (I wo have the sliiiifj;ht-line mol ion of the Thompson 
steaiu-en}*:ine indicator, Fig, 374. 

• 262. Watt’s Straight-line Mechanism. Fig. 369 shows a Watt 

straight-line mechanism. Hen* the Iwo links ad and be connecteil by 
th(^ link (lb oscillati; on the fixed • _ , 

centins d and c, an<l any poi%t, as 
p, in the coniK'cting link ah will 
desc-nhe a comi)](‘x curves. If tlu* 
p- ini p h(i ])ropi*iiy chos<*n, :v 
donl)le-loop('d cnrv'jl- will be ob- 
taiiK'd, two i)ai’ls/)f wiiich are 
nemiy sti’aight ViuM. In (lesigj ' ^ 
such a moliiin it*s custom” 
use only a [Xirlion ef of oi^[^ *1 
approximate straight lim.p _n''" ^ 
so priiportion the diffij^; ‘ " 
that the e.xtrenu' and n‘ its c, /, and p shall be on a. line per- 

tiendicular to (he centcif ' the kwers ad and kc in their middle 

positions, wiu'u tiny shouui lx iaken pavalh*! to etich other. 

'riie linkag(' is shown in its mid-position by dabc, Idg. 370, and in the 
ui)i)er extreme position by dthbxc, wiien* ppx is to be one-lialf the stroke 
of p. Ciiveii the positions td' (he links ad and be wlic'n in their mid¬ 
position, the ax(\s c and </, tlu* line of stroke .s.s, and the length of the 
strokt* desired; to find the points a and b, giving the link ab, and to 

• prove that the point p, Avhere ab (‘rosses .s*.s*, w’ill be found on the line 

wdien it is moved up (or (l(nvn)^|^||||hiJBpi®!^given stroke. I^ay off 
on froijj tin* j»oints (j and h, wlu're rlj^Wks ad and be cross the line 
,ss,,oiic-f/iiart(’r of the stroke, giving the pS^ts k and /, connect these 
points with tin* axes <l and c respectively; draw^ the linesy/.rti and blbx 
pervendicular (o dk and c! respectively, making aai = 2 uk and bb\ -- 2 bl] 
th(*n if the link cent(‘ri*tl at d Avere ad, it could SAA’ing to aid, and similarly 
hr could swing to hiC- By constructkfii kg ~ \ stroke, and aai 2 ok; 
t.hereforo (iic = i stroke. Similai’ly b\f - ?, stroke, Avhich avouM mak(‘ 
tlu* figure caybif a iiarallologram, and adh Avould equal ef. Bm c/ is 
e(pial to ab, sinct* hh ~ hf and luj - gc. Thei' fore, if the linkage is 
dhac, it can o<‘i‘Upy tlu* position d(i,bie\ and sima* ap = cp And 

pp, -- cai = i the stroke, the jioint d will be* at pi and 3 ^|P'*tl!tl:oke 
above p. 
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To calculate the lengtlis of the links, given dg, ch, and gh, and the 
length of stroke N. Since the chord aai of the arc thrcu^gh which a 
would move is bisected at right angles by the line dk, 

gk' = (ag) (^g) = 


Similarly, 


and ad = dg + 

+ £k’ t 


ab = [gH' + {ag + bh)’]^ 



Fig. 370 
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from which the position of the guided point p can be calculated, 
is very ofte^.the case, ad = be, then 


ad = he — dg + 


IQdg* 


and bj): ah •= dg : 2 dg, 

or bp = I ab, 


If, as 


and the point p is thus at the middle of the link ab. 

This mechanism may bo arranged as sliowu in f’ig. 371, where the 
cantarfi c and d are on the san|e side of the line of iiiotion. llie graphical 


/ 


L gr^ 

solution is the sann; as in Fig. 370, with the result that p is^jjfcnd where 
ah (jxtended cross(‘s the line of stroke ss, and, as l)efore, iti,’/^be shown 
that if p is moved up omi-half the given stroke, it will bjfi’ ^^1 on the 
liiK! of stroke a\s\ • 

In Fig. 370, letting the angle adai ~ 0 and bcb\ == we have, from 

E(4uation (102), 
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which may be wi-itten 


X 


—i2 • .. 0 

ad siri“- 


a^) _ he 

. 2 

But ad sin 0 = be sin 0 ; and since the unjilcs 0 or ^ would ran'ly (jxcml 
20 °, W(i may assujiie that 

j . 0 u • ^ 

, ad sin -X — be sin 7 -- 

(103) 


or the aogments of the link are iiiviTsi'h' i)ro])orlional to the lenj^ths of 
the noariT lev-^ers, which is the rule usually (‘Uiployirl when the extreme 
positions can vary a very little* from (In.* straight lin\ When the l(‘V(*rs 
are eiinal ibis rule is exact. \ 

263. The Pantograph. The paragraph is a fonr-bar linkage so 
arranged as to form a parallelograri^^(^i'’ig, 372. ]'’ixing some point 
ill the linkage, as e, certain oth(*r points, g, and //, will move parallel 
and similar to each other ovc'r an.\' pat li (*itnei* straight or curved, 
points, as /, g, and h, inusl lie on the same straight line passing through 


f 



the fixed ^Qhii e, and their vmlions will then be proportional to their distances 
from the A point. To jirovo that this is so, move the point / to any 
other i)o| m, as/i; the linkage will 1 .h(>ri he found to occupy the jiosi- 
tion . ('onnect/i with r; then Ih, where/jc crosses the link /iio, 

can be ly md to be tin; sann* distance from c\ that h is from c, and the 
lino My .'1 bo parallel to/ji. 
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>■ 


In the original position, since fd is parallel to he, we may write 

fd ^ . 

he re he 

In the soc^oiul position, since/idi is parallel to hiCy and since/ic is drawn 
a straiglit line, wo have • 

Ml == = M 

hic\ cic Ihc 

Now in these equations — = —; tlKTefoi e 7 ^ = but fd = fidi, 
wliieh gives he = /nci, wliicH proves that the point li. has moved to hi. 
Also ^ from wliich it follows that ffi is parallel to hhi, and 

Ui ^ 

* hhi hr rc 

or the motions aij|proix)rtional to the distances of the points / and h 
from e. w 

To connect two ]X)inls, as a an», Fig. 373, by a paiitpgraph, so that 
their motions sliall b(‘ parallel iini^.'miiiar and in a given ratio, we have, 
first, that the fixed iH»int c must be on the straight line ah continued, 



and so located that nc is to he as the. desired ratio of the motion of a to h. 
Aft(T locating c, an infinite' numbe'i^jfjmi^graphs might bo drawn. 
C^an' must be taken that the linlii^^^^Hllflortioned as to allow the 
desired magnitude and direction of 
•It is inlcri'sting to not(‘ that if h were rfWl^^d ])oint.,^ ''1 ( would 
tnovo iti op])Osi 1 (' directions. It qan be shouil *1 it their 

motiojis would b(' parallel and as ah is to he. \ ’ 



'ric* paiilograplt is often used to reduce or enlarge^*' • 
is evid<'ttt that similar curves may iTe traced as well^ *■ 
Also pruitof-paplis arc us(;d to increase or reduce motiWiiV'^,i 
proportion, as in the indicator rig on an engine where 
the crosshcad is rcduv‘e«l proi>orlionally to the dt^ired 
i?idicator diagram. When th(* points, as /and h fl® 372) 
l(j mov(' in parallel straight liiu's it is not alwaysW^ces.sary. 
a comph'te parallelogram, provided the meehanilBi is sucl 


or It. 
inc'^. 
finite 
otioii of 
1 of th<! 
Aapiirci 
employ 



300 


ELEMENTS OF MECHANISM' 

points / and h are properly giiidoil, Sueli a case Ls shown in Fig. 374, 
which is a diagram of the mechanism for moving the pencil on a Thomp¬ 
son steatu-enginc indicator. The pencil at /, which traces the diagram 
on a paper carried by an oscillating drum, is guided by a Scot t-Ilussoll 
straight-line motion ahed so that it moves nearly in a straight line ss 
parallel to the axis of the drum, and to the center lino of the cylinder 
tt. It must also be aiTanged that the motion of the pencil / always 
bears the same relation to th(‘ motion of the piston of the indicator on 
the line tt. «To secure tllis draw a line from f to d and note the point e 
where i t crosse.« the line tt. Then e will lx* a ^int on th(‘ pist on-rod, wliich 
rod is guided in an exact straight line by tin* cylinder. If now the link 
eh is added so that its center line is parallel to cd, we should hav(’, 




nove on 


"act straight line, the motion of / parallel f,o 
,^||*jLnof’* / ■ • . ,t?CrtjrT7'oiistant ratio as cf : cli or as df : de. This (ran 
•■\oosing the link eg to be added, which completes fne 
’f. If ey w('ie added, the link ah could not. Ixr iised, as 
thc’i' , * \ - *’oes not give an exact straight-line motion to/. P’or 

constr'j^C^d the link ey is omitted; a ball joint is located at a 

which inl*, ' K. ■ ?«ict straight line, and the point/is guided by the 


Scott-lW * rnoti' 


the error in the motion being very slight indeed. 

for links 
In Fig, 


Slides iften r‘ >stituted, in the manner just, explained 
of a paiif i^fraph, ^ exact, reductions are thenrby obtainwl 
375 the^ -its J and'*! are mack) to move on the [larallel lines mm and nn 
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rcsp<iclively. Suppose it is desired to have the point h move ^ as 
much as /. Draw the line fhc and lay off the point e so that eh : ef 
= 1:3; draw a line, as ed, and locate a point d upon it which when 
nonn(^ct(;d to f with a link df will move 
nearly an equal distance to the aright 
and Ic'ft of the line ef and above and 
’ below \.he line mm for the known motion 
of f. Draw ch through h and parallel 
Ix) (If. The linkage echdf will accomplish 
tlui ivsult requinnl. The dolk.ed link ah 
may Ixi addetl to complete the panto- 
grj.ph, and the slide h may then bo 
removed or not as desired. The figure 
also shows how a p^nt g may be lo.ule 
to inov<^ in the oimosito direction to / 
in the same rations h but on tl^line 
ni70, the equivahmt ])antograph T^ing drawn dotted. The link ed is 
shown in its extreme position to the left by heavy lines and to the right 
by light lines. 

2&f. Combination of Watt’s Straight-line Mechanism with a Pan¬ 
tograph. Watt’s straight-line mechanism has been much used in 
beam engines, and it is generally necessary to an*ange so that more 
than one point can be guided, which is accomidislied by a pantograph 
attachmtint. 

In Fig. 37() a .‘^traight-line mechanism is arranged to guide three 
points p, pi, and p^ in parallel straight lines. The case chosen is that 
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the pump rod, :ill of which should move in paniilt'I straight linos, por- 
peiidiciilar to the center line of the beam in its middle position. 

The fundamental linkage dabc is arrangi'd to guide the point p as 
required; tlien adding the parallelogi’ains antb and ajhrh, placing the 
links st and jh2r so that they pass tlwjugh the points ])i and rt'spect- 
ively, found by drawing the straight line cp and noting points pi and 
Pz where it intei'sects lines Pi and Pz, we obtain the eom[)lete linkage. 
The links ar(' an-anged in two sets, and the rods are carric'd lad ween 
them; the links da are also plawl outside of the links p^a. When the 
point p falls within the beam a double piKniiM'od must Iw usetl. ‘The 
linkage is showm in its cxlnane upper position to render its construction 
clearer. 

The various links are usually designat('d as follows; cr the main 
beam, ad the radius bar or bridle, piv the main li^c, ah the Inick link, 
and p»n. thi' parallel bar, connecting the* main and b.Vk links. 

In order to proportion the liukag^sojhat the pz sliall fall at 
the end of the link rpz we have, b>'pmilar triangles wp and erpz, 

ch : bp = cr : rpz - cr : ah. 

ah X cb 



The relative stroke S of the jxjirit po and s of the point p Sre expressed 
by the equation 

N := cpz: cp = cr : cb. 


If we denote by M and N Ihe l<’ngt,hs of the perpendiculars dropped 
froni c to the lines of motion P> and P rosixictively, then 


,S : .s = M ; N 


and 




M. 


(lot) 



blem will gf'nerajp^y^i^iven the centers of the main beam 
.the strol^lPof the ])oint Pi, and tin; paths of ihe guided 
vnot;* I ' ' .the remaining parts. Th(^ strokes of Mk; 
,•*. 'vvn be found from Equation (104) and then tlu' method of 

''i?r / ' , *•^pproximate Sfi’aight-line Mechanism. This might 

al >st.raight-line mechanism, and is shown in Fig. 1177. 

It eons^.; J "ular frame abp forming an isose(‘les triangle 

on ah, tM toints\ th guided by links ad -- be - bp, oseillal- 

ihgoii tl^|- .it(;rs 1(1 c M'speclivcly, which are on tin* line of motion >lc. 

To lay ;^it the if* ttion, h't dc b(‘ the slniight line of the siroke along 
W'hich A tguided }V!1 nt p is to move approxiinately, and p be llic mid- 
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die point of that line. Draw two equal isosceles triangles, dap and cbp; 
join ah, which must equal dp = pc. Then abp is the rigid triangular 
frame, p t,ho guided point, and d and c are 
tlu; (‘(‘nti^rs of the two links. The extreme 
positions when p is at d and c shown at 
d«i «2 and caA, the ix)int being common to 
both. Tlie leng 1 ,h of each side of the triangle, 
as cf) = da, should not bo less than 1.186 dp, 
since in tliis case the ix)ints co^oi and doihi lie ' 
in straight lines. It may If* raadti ns much 



Fig! 377 


gi'('aler as the space will permit, and the greater it is the more accurate 
vnll tlu* motion be. The intermediate* positions between dp and cp vary 
somewliat from the line dc. 

266. Tchebich^’s Approximate Straight-line Mechanism. Mg. 

378 shows auoth(«meclianism giving a close approximation to a straight- 
line motion iriveMed by Prof. l\^i‘h;eheff. 


'^J'he links are made in the 


m 



ilowing proixn-tion: If cd = - 1 , then 
ac — bd = 5 and ab = 2. The guided point p is located midway be¬ 
tween n and b on t he link a b and is distant from cd an 
amount (,*quul to VS- — 3^ = 4 . When the point p 
moves to pi, directly over d, dpi = dbi — bipi = 5 — 1 
= 4. Thus th(^ middle and extreme jjositions of p, as 
shown, are in line, but the intt'rmcdiate positions will 
be found to dcfviate slightly from the straight line. 
To rcTider the range of motion shown on the figure 
{x>ssible the links ac and bd would need to be offset. 

267. Parallel Motion by Means of Four-bar Linkage. Thetparallel 
crank na'chanisin, § 234, Fig. ^13, is very often used to produce pamllel 
motions, 'rhe common parallel ruler ^n.si.sting of two pai-allA straight^ 
(‘dgas conm'cied by two c<pial iyi^^^S^Plfnks is a familiA example 
of such apfdication. A double pai^l^l^ank mechanism if^^plied in 
t)li(‘ Ihiiversal Drafting-rnacliinc 
and triangles. Its essential 

f '*is mad(‘ fast to the upper left-hand edge of the d^_ 
supports tin* first linkage abed. The ring cedf can'ies ‘ ^ J 
cJIkj, guiding the head P. d'he. ttvo combined s^, •’ 

('dgi's .4 and li, fixed at right .angles to each * 

swivel on P, atul by moans of a gi’aduat||N ^ / 

Im* set at any desirt'd atigh*. (be (k'vice t'^* • as .-^Cotra^ 


lounlc parm^gfarank mechanism ir ^p! 
laeliine, extensm^l^swl in ph*’*"'''' 
ial features arc show^Hfi'-iiia|r^ - 
)pcr left-hand edge of the d^ *' ^*1*9 


are 


the 


fivS moved 


The fine lines show how (la* linkages appt 3 llt“wT] 
to P\, and ii is easily .seen that (he s(rajght-edgi*!'’^';ll alwTl .“It® guided 
inlo parallel positions. 
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258. Parallel Motion by Cords. Cords, wire ropes, or small steel 
wires arc frequently used to eotnpel the motion of long narrow car¬ 
riages or sliders into parallel positions. In Fig. 380 the slider R has at 
either end the double-grooved w'heels E and F. A cord attached to the 
hook A passes vertically downwawl und(T F, across over E, and down¬ 
ward to the hook C. A similarly arranged cord starts from B, passes 
around E an<l F, using the r(‘maining grooves, and is made fast tb 
hook J). On moving the slidtT downward it will be seen that for a 
motion of 1" the wl)e<‘l F will give out V of tfie rope from»vl and lake 
up r" of rope from D, whic^is only possible when E takes up 1" from 
C and gives out 1" to B. Thm the 
slider R is constrained to move into 
parallel positions. In practice turn- 
buckliis or other n*ans are i>rovided to 
keep the cords ti^. 

Figs. 381 an(jjf382 show twt^ther 
arrangements which will accompli^f the 
same purpos<^ In Fig. 381, sometimes 
apidied to guid(^ straiglit-(‘dges on 
drawing-boards, the cords or n irt's emss 
on the back side of the board wln're 
the four guide-wheels are located and 
the straighl-edge R is guidc'd by special 
fastenings E and F, passing around the 
edges of and under the board. By 
making one of these fastenings movable the straight-edge may be ad¬ 



justed. i'ig. 382 shows a similar device' that might be applu^l on a 
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MISCELLiJ^NEOUS M>ECHANISMS - AGGREGATE COMBINA¬ 
TIONS — PULLEY BLOCKS — IN'#ERMITTENT MOTION 

269. Aggregate Combinations is a term applied to assomblagos of 
pieces in mechanism in which llic moiion of llie follower is the rc'snlt- 
ant of the motions given to it by more than one dri^;r. The nninber of 
iridepc'ndently-acting drivers which give moiion to^o followtT is gen- 
einlly two, and cannot b(‘ gi-eater lhaii thnje, as eacllfclriver determiru'S 
the moiion of at h‘ast one p<ant of tW followed', anil the motion of three 
points in a body fixes its motion. 

By means of aggicgate combinations wo may' produce viay rapid or 
slow movements and complex paths, which could not well hi^ ohtuinod 
from a single driver. 

The epicyclii! gear trains discusse<l in ("hapter VTI in rinlity come 
under the heading of aggregale-eombinations. 

260. Aggregate Motion by Linkwork. Figs. ;>S3 and 384 repre¬ 
sent the usual arrangement of such a combination. A rigid bar ah lias 

two points, as a and h, ea.ch con- 
neeted with one driver, while c 
may' be. connoeted with a follower. 
L(‘t aai represent the linear v(^locity 
j a, and hby the linear velocity of 
h: to find the linear velocity of c. 
('onsider th<3 jiiotious to take plate 
s<?pai:it.(‘ly; then if h wore fixed, 
the lini'ar velocity aiii givi'u to a 
woulil cause c to hav(* .a velocity' 
represented by cc\. (ionsidering a 
as fixed, I hi! linear velocity hh\ at h 
would give to c a velocity cc«. Tin* 
.•iggregaic* of these two would he 
ilu‘ algebraic sum of cci and cc>. 
liaMt cci a iing to (Ic* l(4t, Avhile cc» acts to the right.; 
(csulM A linear velnr-ily of c will be ecs — coi — coi acting 

aut) 



In Fig. 
thciefo 
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to tlu! left, sinee cci > r*C 2 . In li’ig. 3<S4, where l)Oth cci and ccz act to 
tlu' left, the result is rxj = cci f Cd acting to tluj left. It will be seen 
that the same rc'sults could hav(i been oV)taincd by finding the instaii- 
tamxDus axis o of <ih in each case, wlien we should have linear velocity 
(■ : linear velocity a = co ; no,. ^ 

In injiny cases the lines of motion are not exactly perpendicular 
to the link, nor parallel to each other, msther do the points a, b, and c 
nt'cesstirily lie in the same straight litie, but ofltm the conditions arc 
ap[)roximately as jiKSSunu'd in Figs. 383 and 384, so that tha error intro- 
duc(Ml by so considering thcA may be sullici(‘ntly small to be practically 
disregarded. 

■V.S ex;nn]>l(>s of aggiegato motion by linkwork we have the different 
lorms of link motions as usisd in the* valve gears ot reversing steam 
engines. Hitc tlu^aids of the link-: are .hiveu liy eccentrics, and the 
motion for the vi^e is taken from some iribTineiliate jHiint on the link 
whose distance ^m the, c^fuls nm' be varied at will, the nearer end 
having jn-oportionally the great(.‘rnifluoncc on the resulting motion. 

A wlu'el rolling upon a plane is a case of aggregate motion, 
the cemter of the wh(;el moving parallel b) the plain', and 
the wheel ilsc'lf rotating upon its c.(aifer. d’ho resultant of 
these two motions gives thi' aggregate; result of rolling. 

261. Pulley-blocks for 
Hoisting. Tho simple 
forms of hoist ing-tat;kle, 
as ill Fig. 385, are exam- 
l)les of aggn'gate eombi- 
iiatiions. The shea.veK C 
a,nd i) I urn on a fixed axis, 
while .1 and B turn 
bearing from whic 
wt'ighl IF is suspend?? 

Fig. 38() is in effect tlie 
same as Jdg. 385, but gives 
a clearer diagram for 
studying the linear velo¬ 
city ratio. A.ssiime thJit 
t he bar ah with t lu' slu'aves 
.1 and Ji and the we'ighl 
TF lias an upward v«‘locity leprcsrailcd hy ' ’’^^'ct o / 
sheave* .1, siiua* (lu* point c at any instiftvt, is^f^ie'd, Wvale'iir 
to a whe*e*l rolling on a plane*, anel tlu‘re weiulil an uj.’ linear 
veloialy at </ — 2 r. At (hi* r'lu'avo Ji (here is the ^'givgate lion due 


itAi 
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to the dotmiward linear ■v;elocity at c and tHe upward lin(iar velocity 
of the axis b = v, giving’for the linear%i^O(aty <i^/, 4 y^upwaitls. • 

iinoar speed 4 _W- J 


^Therefore 


. I 


fi! 


Other 





■ ^ ^ 


linear speed 

jMaiiy elevator-hoisting mochanisilfe ,al'‘e arranged in a similar man- 
r, the force being applied at W, and the'jfesulting force toeing given at F. 
Tius means a large force acting through a relatively small distance, 
pfoducing a relatively small force acting through a much gr(‘ater 
distance. • * . 

)The mechanical advantage of a hoist *is the ratio of the weight 
wliich can be lifted to the force which is exerted, friction btnng 
neglected. 

. The mechanical advantage of a given hoist can bo determined by 
finding the velocity ratio as above and t hen, since we distanws moved 
through in a given time (assuming constant velocit 3 «?atio) are directly 
as the velocities, the forces must bejj^iversely as the\plocities. 
methods of determining the mechanical 
advantage arc illustrated by the fol¬ 
lowing examples.* 

Example 73. llmnl loith Two Single Hheniie 
Blocks. In Fig. 387 the uiiper block A, 
known as the stniuling block, is suspendetl 
from a fixed .support. The rope is nmde fast 
to the casing of 1 ho uppc'r block, pas.ses around 
the sheave in the lo\v<*r ))lock and up around 
the sheave P which turns about the .ixis »S in 
the upper block. It is required to find v,hc 
force at F neces-sary to rai.se a wcught IF of 100 
lbs. suspended from the lower block. 

Solution. Assume^af W is lifted 1 ft. by 
some extci^|||^H|B|||di the rope at F not 
moving. rope woukl result 

at/2 and anoUj^^^t of slack at 2\ giving a 
total of .slack which inu.st be drawn 

in order to keep the rope tight. 

’herefore, the linear speed of F i.s (o the linear 
■'eed of TF as 2 is to 1. Hence, F is to IF as 
1 s to 2, or F ~ i TF«= 50 lbs. 

."•Unnle 74. Hmsl with One Single Block 
'-'lififc Block. The hoist shown in 
•WIC ’.'i .le part of the rojx' which is 
t.h ' 1'^"''’'’ Idock; it 



VR 




WP 


f*nW;* / * •’ 

>wt ■ 1 • . 

■I .J,.*.: 


w 


then pass( 
.sheave in 
and off at. 



Fkj. 388 

.ipper block, conies down at R and piisses under th<‘ 
.j ,c, th<'n up at F over a se»-on<l sheave in I he upiier block 

* Thest?^ olutiona assume that the ropejs arc parallel. 
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It is required to. find tlif* mecfianical advantage^of-^hlfe hoist; thafis, the ratio 
of the weight W to tlici force at F. ,. * '» 

S'olutiatj,. Appl^iing the same method tisod in ExainjA*- 47, show's 1 ft, of sla,ck in 
each of the tiiree parts /?, T, and F, or a total of 3 ft. iHiich must he drawn ofi^at 
F if IK is liftwl 1 ft.*by an external force. Therefore, 

r _ 3 
F i 


I 


Example 76, “Luff on Luff.” Fig. 3H9 shows a combination of tw'O sets»f 
])ulley blocks, the rope F of the. first set being made fast to the moving block of the 
second set. • ^ 

»SWM/to«. The mechanical advantage of each sot is found as in the previous ^x- 
aniph's. Then the product of the two is the mechanical advantage of the. combiha- 
, ... tion. The first set in this case has a mechanical 

advantage of 3, and the se<!ond s<‘t of 4; therefore" 
the combination hsis a mechanical advantage of 12. 
If the hook II wore altfiched to a stationary support 
and the load appli(?d to the hook K, the a<lvautage 
of the system would be Iti. 



Fto. 3S9 ", “ ^ *>1 ujT. 

■ b ■ 

Example 76. “Spanish Burton.” If the weig,’ 
foot, of slack is c.auseil at both P and R. The foo!^ < ^ 

in turn, eausi>s a font of slack m both ll ami F; th,*^' ^M)tal •> J. of_ 

in R which must be drawn over to F in addition to tht’*t it. a ly giA from T. 

'riierefore, 3 ft. mast be taken up at F for every foot tha^,^' is liffj^ v'^Then the 


mechanical advantage is 3. 


¥ 
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ping. 

ibo seen from the 


262. Weston i)ifferential Pulley^'Block. 391 shows a chain 
hoist known as the 'Ws^pti I3ifforeiitiial Pulley’Block. The'two upper 
sheaves A li tir^}iaM to each other. TheJliameter of A is a little 
larger than tKe'diameter of B and it i|/ihe ratio Of these two diameters 
which governs the mechanical advyitage. 

The diameter of the lower sheave C is usually a mean between the 
diameters of the upper ones in order that the supporting chain may ■ 
hang vertically. Tins feature is not of gi:eat importance, and the 

diartieter of the lower sheave has no effect on the 
mechanical atlvaniagcf 

The chain is endh'ss, passing ovei A, down at R, 
under C, up at P, around B, and hanging loose. 
The lifting force is applied at F. The sheaves are 
so shaped that the links of theWiain fit into splices 
provided for them to imwimt s»p 
The operation of the hoist miiml 
following: 

L(*t Da represent the pitch diameter of the 
sheave A, Dt, the pitch diameter of the sheave B. 
Assnnn^ that the chain is drawn ilown at P fast 
enough to cause A to inakii one complete turn in 
a unit of time; that is, F has a speed of wDa linear 
units. This would give an uiiwavrl spccxl to the 
chain at R of wDa linear units, riuai, if B were not 
turning the sheave C would roll up on P, its 
center rising at a speed oiiual to one-half the 
speed *01 t he chain at R ; that is, the center of the lower sheave, 

tD 

and the|efore the weight W, would rise at a speed of linear 

" 

ut at the same ^ rolling C up on P the pulley B is 

the same angulat/ as A, and therefore paying out chain 
to of 7rl\ '\iear units per unit of time. This causes C 
, c»,¥Tf Speed such that its ci'iiter is lowereil at a speed of 



Fig. 391 


units. 

turning 





The resultant upward speed of the center of C is, 


Since 


1 


8 8 

speeck 




irjh 

"IT 


TT (Da — Pft) 


)„ the ratio of tin; speed of F to that of W is 
vDa 2 Da ; , 


TT [J)„ - Dh) D(i — Db 


2 
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The spee^ ratio may be found grapriical|y as jshown in ^ig. 392. 

’ Fyom off along the chain a distands V Teiprasisnting* th<&’velocity 

of E. Draw a line (^<>wn dotted) from of th^ distance, to 

the center of the sheave’.^ The Idn^h ^ 

Fi intercepted on the line 0#4he " 
chain through Ei is the^velocily\# 

Ei. Draw V i downward at the left- 
liand side of the lower sheave and V 
upwaid at the right-hand side of the 
same sheave. Join the ends^f these 
two lines as shown, getting 74, the 
resultant velocity of M. The figure 
al« o shows, at V 2 and Fs, the effects 
of F and Ft respectively, when as¬ 
sumed to act succ^sively. . 

1263. Intenni^ht Motion from 
Reciprocating Ii^tion. A ret'ip*^- 
cating motion in one j)iece may 
caus(‘ an intcTiiiitlent circular or 
rectilinear motion in another piece. 

It may be nrianged that oiu'-half 
of the reciprocating movement is 
suppressed and that the other half 
always produces motion in the same 
direction, giving tin* ralrhcl-whicl; 
or the reciprocating piece may act on opposite sides of a toot hed wheel 

alternately, and allow the teeth Jo pass 
one at a time for each half reciprocation, 
giving the different forms of esmpemenUi- 



Via. 392 



as a 



kVj^nu'pieces. 

^ et-wheel. 


A wfi\^l, pro¬ 
vided ^litably shaped^\r toeth, 
receiving aiim^a u n it t ent. Mir . 
from some vibratin)f*®® , - 
piece, is called a ratchet -^. >i’i' *i!}? 

I.i]jSg.3fl3,.4.-epro<J 
wheel turning upo^ 4 J, ‘ *'^1 

'(ittent, 'k 

;i,^ge'ad. 
'jfush the 

before^ it through a space deptmaent u ,011 t <, ^lOtion of 
When the'firm moves back, the click will ,le ovei • -'c points 


Fia. 393 


oscillating lever carrying the 
the teeth of tho wh(‘el. The whole form.* ^ ^ 
When the arm C moves left-handed, tk 
wheel A 
C. 
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Fig. 394 


KLE^MKNTS OF MECHANISM 

of the teeth, and will bo ready to push the wheel on its forward 
motion as before; in any case, 1.h(‘ dick is held against the w-heel 
either by its weight or the aiition of a spring. In order that the 

arm C may pro<luee motion in the whe<d 
A, its oscillation mus t be at letist suffi¬ 
cient to cause the wheel to advance one 
tooth. 

It is often the case that the wheel A 
must be prevented from moving back¬ 
ward on tliQ^ return of the click B. In 
such a case a fixed pawl, dick, or ddenl, 
similar to B, turning o na fixed pin, is ar¬ 
ranged to bear on the wheel, it being 
held in place by its weight or a spring. Kig. 393,imight be taken to 
represent a retaining-pawl, in which cjise ac is a Wed link and the 
click B would prevent any right handed motionybf the wheel A. 
Fig. 394 shoAVs a retaining-pawl Avhfch would prevori^^ rotation of the 
wheel .4 in either direction; such pawls are often used to retain pieces 
in definite adjusted positions. 

If the diamet(‘r of the wheel A (Fig. 393) Ihj increased indefinitely, 
it will become a rack rvhich w^ould tlum receive an intermittent trans¬ 
lation on the vibration of the arm C; a retaining-pawl might be required 
in tliis case also to prevent a backw.ard motion of the rack. 

A click may be arranged to pitsh, as in Fig. 393. or to pull, as in Fig. 
400. In order that a click or paud may retain it^A hold on the tooth of a 
ratchet-Avheel, the common normal 
to the*acting surfaces of the click 
and tooth, or pawl and tooth, must 
pass inside of the axis of a pushing 
click or/f)awl, as shory^' 

i as 


1 ^, Fig. 395, and ou? 
> 



“•^piling click talf 

:hjt g^(tf«iongh the 
w'P^uld be more 
, »e normal is located 
vbove rule, whi(5i 
§ ’’■filing of the 
^ (eeth. 



J A 

\ _ 1 


i f 

x: 

< 




1 ■ 


Fig. 395 


or more convenient, to placid the click- 
' '^/.ifi’eretit from that of the ratchet-wheel; in 
',t be. taken that in all [wsitions of the click the 
oies the proper position; it, will geni^rally b(i suffi- 
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cient to consider only ih(‘ oxtroiiw' positions of the pawl in any case. 
.Since when the lever vibrates on the axis of the wheel, the eonunon 
normal always inalc('s the. sa,me anghi with it. in all positions, thus 
securing a good Ixjaring of the pawl on the tooth, it is Ix'st to use this 
construction when pratrticable. • 

The effective drake of a click or pawl is tlu‘ space through which the 
ratchet-wheel is driven for each forward stiokc of the arm. The total 


stroke of the arm should e.xcedd the effective stroke by an amount 
suffici(;nt to allow the click to fall freely into iHace. • 

A* common example of th% application of the click and ratchet-wheel 
may bo seen in several forms of ratchet-drills used to drill metals by 
hand. As examples of the retaining-pawl and wh<‘(^l we have capstans 
and windlasses, where it is applied to prevtmt the recoil of the drum or 
biUTol, for which pjriwse it is also .applied m clocks. 

It, is sometime^lesirable to hold a drum at shorter intervals than 
would coiTCsiwn#to th<^ movemejit of one tooth of the ratchet-wheel; 
in such a case frweral equal pa#ls may be used. Fig. 395 shows a 
cfise where throe pawls W(‘re us(^d, all attached by pins c, Ci, to the 
fixed pie(;e C, and so proportioned that they come i.-do action alter¬ 
nately. Thus, when tln^ wheel A has moved an amount con’csponding 
to one-third of a toot h, the pawl will be in contact tvith the tooth bi; 
after the next onothird mov<‘ment. Bn will be in contact with 62 ; then 
after the remaining one-thinl movement, B will come into contact with 
the tooth under 6 ; and so on. This arrangement enables us to obtain 
a slight motion and at the sauu' time use comparatively large and strong 
teeth on the whe(‘l in place of small w(*ak ones. The piece C might 
also be used as a driving arm, and the wiw'el could then be ^oved 


through a space less than that of a tooth. The three pawls might be 
made of different lengths and place d si(lt ) by side on one pin! as Ci, in 
which case a witle wheel would the number'W pawls 

required would be fixed by the ctmSj^KS^ each case. 

•266. Reversible Click or Pawl. form of \|^^f a 

ratchet-wheel is that given in P^ig. 395, W'hicn^fefam:^!^^* * *'*• 
one directhjii; but infeed mechanisms, such as those il^ 
and planei-s, it is often ne(!essary to^make use of a 
W'he(4 that will drive in either dir(‘cti()!i.« Such an arra^ ' T 
in Fig. 390, jvherc the wheel A has radial tc'oth /*'. *5 

made syninu'frical, can occupy either of ^ 

ing to A a right- or a left-hittided motion. ;tv ’'‘4*4liat'.'•'v clic^^» 


may be held firmly against the ratchet-wdic 


dl • |s of the 


arm C, its pivot r, after passing through the arm, is ** vidou^’ ’^‘**1 a small 
triiingular piece (.shown dotted): this piece turnin' .hvith B "■ n flat- 
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ended presser, always upward by a. spring (also shown dotted) 

bearing against the lower angle oppositti B, thus urging the click toward 
the wheel; a similar action tak(*s place wIkui the click is in the dotted 
position B'. When the click is placed in line with the arm C, it is held 
in position by the side of the triangle parallel to the face of the click; 

thus this simple contrivance serves to hold the 
click so as to drive in either direction, and also to ■ 
retain it in position when thrown out of gear. 

Since for different classes of work a change in the 
“feed” is desired, the^.arrangement must be such 
that the motion of the ratchet-wheel A (Fig. 396), 
which produces the feed, can be adjusted. Tliis is 
often done by (jhanging the swing of the arm C, 
which is usually actual (‘d by a fod attached at its 
free end. The otlua- end of the pd is atta(!hed to a 
vibrating lever Avhich has a defiVl>te angular move- 
Fio. 396 ment at the proper time for the IV-ed to occur, and 
is provided wit h a T slot in wliich the pivot for the 
rod can b(i adjusted by means of a thumb-screw and nut. By varying 
the distance of the nut from tll(^ center of motion of the lever, th(5 swing 

of the arm C can be regulated; to reverse the fecxl, it occurring in the 

same povsition as befor<‘, the click must l:»e reversal and th'e nut moved 
to the other side of the c(mter of swing of the lever. 

Figs. 397 and 398 show other nudhods of adjusting the motion of the 
ratchct-whc(jl. In Fig. 397, which shows a form of fecMl mechanism 
used by Sir J. Whitworth in his planing-machine, C is an arm carrying 
the cli^ik B, and swinging loosely on the shaft a fixed to the ratchet- 



‘ • Fig. 398 

. • 

' "‘i ^ also turning loosely on the shaft a, and placed 

j? i 7 a definite angular motion sufficient, to pro- 

i Ai the jst!.'. I , al; its concentric slot m is provided with 

two adjv *!(' pi. x 1*^ place* by nuts at their back ends, and 

enclosing leva > but not of sufficient length to reach the clie^k B. 
When ft jins are iced at t Ik* (;nds of the slot, no motion will occur in 
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' the arm C; but when e and e are placed as near as possible to each other, 
confining the arm C between them, all of the motion of E will be given 
to the arm C, thus producing the greatest feed; any other positions of 
the pins will give motions between the above limits, and the adjust¬ 
ment may be made to suit each ^se. 

In Fig. 398, the stationaiy shaft a, made fast to the frame of the 
machine at m, catTies the vibrating arm C, ratchet-wheel A, and ad¬ 
justable shield S; the two former turn loosely on the shaft, while! the 
latter is made fast to it by means of a nut n, the hole in ASMxyng made 
smaller than that in A, to j^ovide a shoulder against which S is held 
by the nut. The arm C carries a pawl ^ of a thickness equal to that of 
thf! wheel plus that of the shield aS; th(! (!xtreme positions of this pawl 
are shown by dotted lines at B' and B". The teeth of the wheel A 
may be made of suj^ shape as to gear with another wlKy!! operating the 
feed mechanism;^r another wheel, gearing with the feed mechanism, 
might be made imk to the back of*vl, if more convenient: in the latter 
case, the aim C would be placed fxick of this second wheel. 

If we suppose the lever in its extreme left position, the click will be 
at B" re-sting ujion the face of the sliield S, which projects b(‘yond tho 
points of the teeth of A ; and in the right-handed motion of the lever the 
chek will be parried by tho sliield B until it reaches the position i?, where 
it will leave tho shit‘ld and come in contact with the tooth 6, wliich it will 
push to // in th(! remainder of the swing. In the backward swing of 
the lever the click will be tlrawn over the t(‘eth of the wheel and face of 


the shield to the position B". In the jxisition of the shield shown in the 
figure a feetl corresponding to three tcxjth of the wheel A is produced; 
by turning the shiiild to the left one, two, or tliree teeth, a feed 5f four. 


five, or six toeth'inight be obtaimxl; while, by turning it to the right, the 
feed could be diminished, th(! shield usually made large < nough to 

consume the entire swing of tho form of filed njy'«hanism 

hj^s often been used in slotting-niacHB^^id in such cases, a?, ell as in 
Figs. 397 and 398, tho click is usual l>^Sela-l^^ work 
266. Double-acting Click. This device conlf^ x i t^A ..' • 
ing alternate strokes, so as to produce a nearly c;ontiTO 
the raichet-wheel which they drive,, that motion b|^- \ 
only at the instant of reversal of the*movement of tl/ * 

399 the clicks act by piisliing, and in Fig, ^ 

ari'angernent is generallj'- best adaptcxl to A ' 

1 » • ti f ^ ^ 

r(X|uired, as m windlasses. ■ ' ^ 

Each single stroke of the click-anns (r'u >09) ; hces the 

ratchot.-wheel through one-half of its pitch or sonr.* - mltipi? Jits half¬ 

pitch. To make this evident, su[)ik)s(* that the dour* j click is .dvance 
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the ratchet-wheel one tooth for each double stroke of the click-arms, 
the arms being shown in their mid-stroke position in the figure. Now 
when the click be is beginning its forward st-roke, the click h'c' has just 
completed its forward stroke and is beginning its backward stroke; 
during the forward stroke of be the ratchet-wheel will be advanced one- 
half a tooth; the click 6'c', being at the same time drawn back one- 
half a tooth, will fall into position ready to drive its tooth in the remain¬ 



ing single stroke of the click-arms, which are made equal in length. By 
the same reasoning it may be seen that the whct^l can be luovetj ahead 
some whole number of teeth for each double stroke of the <^lick-arms. 

In Fig. 399 let the axis a and dimensions of the i-:vt(’iiet-wh(H‘l be 
given, also its pitch circle BB, which is located half-way between the 
tips and roots of the teeth. Draw any convenient radius ab, and from 
it lay off the angle hoe equal to the mean obliquity of action of the clicks, 

that is, the angle that the lines of 
action of the clicks at mid-stroke are 
to make with the tangimt to t he pitch 
. ^ircle through the jwints of action. 
® let fall the perpendicular 6c, 

him with the radius ae describe the 
^circle CC: this is the 6a.se circle, to 
wliich th(‘ lines of action of the clicks 
should 1)0 tangent. Lay off the angle 
eaf equal to an odd number of h'niefi 
the half-pitch angle, and through the 



(i cwu 

at h, and )ose a 
rocking sf. tocai 
dc and dr . th(‘ t 
be the p ions of 


points e and /, on the 'base circle, 
*h other in h. Draw hd bisec.ting t he angh' 
'''•'lient point, in it, as d, for the (MUiter of tlie 
?f/'ck-arnis. From d hd, fall the peri>endiciilars 
'^ents hec and fkc' respect.ively; then c and c' will 
.) click-pins, and dc and dc' the center lines of the 
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click-arms at mid-stroke. Let b and b' b(5 the points where ce and df 
cut -the pitch circle; then cb and c'b' will be the lengths of the cUcks. 
The effective stroke of each click will be ecjual to lialf the pitch as meas¬ 
ured on the basci circle CC (or some whole number of times this half¬ 
pitch), and the total stroke mustj^e enough gi’eater to make the clicks 
clear the teeth and drop w(;ll into place. 

In Fig. 400 the clicks pull instead of push, the obliquity of action is 
zero, and the btiso circhi and pitch circle beconu; one; the points b, e, 
and b',f (Fig. 399) becoming e and / (Fig. 400). In all other respects 
the construction is the samc^tes when the clicks act by pushing, and the 
different points are lettered the same as in Fig. 399. 


Since springs are liable to lose; their (dasricity or become broken after 
being in use some time, it is often desirable to get along without apply- 



being used in some forms of lawn-mowers to connect the wheels to the 
revolving cutter whim the* mower is pushed forward, and to allow a 


ter st ill revoh os.. Thei 
ife wheels canying tlu' mower. 




# 

ee equi- 


frei‘. backward motion of the mowe; 
ratchet A is usually made on the ? . 

and the piece C, turning on the saniMiil^as A, canii's 
distant pawls or clicks B, shapwl to move in the caritiA: 


distant pawls or clicks B, shapwl to move in the caviU^: 
them. In any position of at least one of the clicK» 
contact Nvith A by the action of gi’avity, and any mt^^ j n 


direction of the arow will be given {o i:hc piece ^ V 
whei'l drive^ the click, ac being the actual( kI cli;%;Imng[;i)> 
i.s sometimes attached to a rolliT .by meav^.^^jO'c’as^tn v4*^ 
left-handed motion of will be given to't> * 

motion will simply cause tlu* clicks to slide% . ,'ei*t t(‘eth 





l-hanjaq* 

4. The 


clicks B are usually luhl in plac(‘ by a cap attachi'^, o C. <e e , 

Fig. 402 shows a form of click whiih is alwayr. Jirowm ' ’ ) action 
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when a left-lianded rotation is given to its arm C, wliile any motion of 
the wheel A left-handed will immediately throw the click out of action. 
The wheel A carries a projecting hub d, over which a spring D is fitted 
so as to move with slight friction. One end of this spring passes between 
two pins, e, placed upon an arm attached to the click B. When the 
arm C is turned left-handed, the wheel A and the spring D being sta¬ 
tionary, the click B will be thrown toward the wheel by the action of 
the spring on the pin e. The motion of the wheel A will be equal to 
that of the arm C, minus the motion of C necessary to throw the click 
into gear. Similarly, when A turns left-hinded, the click B is thrbwn 
out of gear. This mechanism is employed in some forms of spinning- 
mules to actuate the spindles when winding on the spun yarn. 

267. Friction-catch. Various forms of catches depending upon 
friction are often used in place of clicks; those catelfcs usually act upon 
the face of the wheel or in a suitably forinc'd groo^ cut in the face. 
Friction-catches have the advantage of being noisolesl^nd allowing any 
motion of the wheel, as they can tak^hold at any poim; they have the 
disadvantage, however, of slipping when worn, and of getting out of 
order. 

Fig. 403 shows a friction-catcli B working in a V-shapod groove in 
the wheel A, as shown in section A'B'. Here B acts sisji retaining 



click, aJ 
in OLitli| 
•irF 


its any right-handed motion of A ; its face is circuhir 
'nter being located at d, a little above the axis c. A 
atch might be UBed in place of an actuating click to 


Ci< g. 

l' 4o I f ’ es like B (Fig. 403) applied to drive an 

at j'ular ring 4 i. j .OacLion indicated by the arrow. When the 
piece c is" tied r the catch(‘s B are thrown against the 

inside 6 e ani4 'ir ring by means of the four springs shown; on 

stopping, e niotioii: \)f c, the pieces B are pushed, by the action of 6, 
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toward the springs which slightly press them against the ring and 
liold thcm in readiness to again grip when c moves right-handed. Thas 
an oscillation of tlie piece c might cause continuous rotation of the 
wheel A, provided a fly-wheel were applied to A to keep it going while 
c was being moved back. The annular ring A is fast to a disk carried 
by the shaft a; the piece c turning loosely on a has a collar to keep it 
in position lengthwise of the shaft. 

The nipping-lever shown in Fig. 405 is another application of the 
friction-catch. A loose ring C surrounds th() wheel A; a fiiction-catch 
B having a hollow face wofles in a pocket in the ring and is pivoted 
at c. On applying a force at the end of the catch B in the direction 
of the arrow, the hollow face of the catch will “nip” the wheel at 6, 
and cause the ring to bear tightly against the left-hand part of the cir¬ 
cumference of the J^heel; the friclicn thus set up will cause the catch, 
ring, and wheel y move together as on(^ juece. The greater the pull 
applied at the e»l of the' catch tire greater will be the friction, as the 
friction is prop<mJonal to the pitissiire; thus the amount of friction 
developed will depend upon the resistant n to motion of A. Upon re¬ 
versing the force at the end of the catch, the hollow face of the catch 
will l)c drawn away from the face of A, and the rounding top part 
of the catcl\, coming in contact with the top of the cavity in the ring, 
will cause the ring to slide back upon the disk. An ujnvard motion of 
the click end will again causes the wIkhsI A to move forward, and thus 
the action is the same as in a ratchet and wheel. 

Fig. 406 shows, in section, a device which has been applied to actu¬ 
ate sewing-machines in place of the comtnon crank. Two such mechan- 


Fia. 405 

isms were used, one to rotate tne sKfift. of the machh r 
tip of the treadle, w’hile the other acted duri’.w»*'^5^'^'>'^ 
treadhvrods being attached to the project^j""*^ * afv'fn v^e 
m(^chanisra shown in th(‘ figure acts iipon.U ’’4%(iuring the doTJ';- 
ward motion of tluj projection B as showm i, Wv. 

The piece C, containing an annular groove, is in*^. ^ fast O' * le shaft a, 
the sides of this groove being turned circular anCi concenti ‘with the 
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shaft. The piece B, having a projecting hub fitting loosely on the 
inner surface of the groov<‘ in C, is jilacecl over the open groove, and 
is held in place by a collar on tlio shaft, "rho hub on the piece and 
the picjce C, are shown in section. The friction-catch D, working in the 
groove, is fitted ov(^r tin; hub of B, Ahe hole in D ^ing elongateil in 
th<i direction ab so that D can move slightly upon the hub and between 
the two pins c fast in the pii'ce B. A cylindrica’ roller c is placed in the 
wedge-shap<‘d space between the outer side of the groove and the piece 
D, a spring alwajre actuating this roller in a direction opposite to that 
of the arrow, or towards the narrower parl-iaf the space. 

Now when the piece B is turned in the direction of the arrow by a 
downward stroke of the treadle-rod, it will move the piece D with it by 
meaas of the pins e; at the same time the roller c will move into the 
narrow part of the wedge-shaped space between Ckand I), and cause 
binding between the pieces D and C at 6 and at the s®;face of the roller. 
The friction at 6 thus set up will cauge tlie motion omO to be given to 
C. On the upward motion of the prdjection B the rolrer will be moved 
to the large part of its space by the action of the piece C revolving with 
the shaft combined with that of the backward movement of D, thus 
releasing the pressure at 6 and allowing C to move fnnily onvt^ard. 
Th() other catch would be inadcj just the reverse of this one, and would 
act on an .upward movement of the treadle-rod. 

Another form of friction catch, some¬ 
times used in gang &a^vs to secure the 
advance of the tinjber for each stroke of 
the saw, and called the fdlent feed, is shown 
in Fig. 407. 

The saddle-block B, which rests upon 
the outer rim of the annular wheel A, 
* carridpjl^ lever C turning upon the pin c. 

D, which fits the inner rim of 
th^Pneel, is carried by the lever C, anil 
is securely held to its lower end by the pin 
d bn whi|*^ 1 freely turn. When the pieces occupy the positiotis 
shown 'ire, a small space exists between the piece D anti the 

irl'leol . . • 

I yevei' C has a reciprocating motion imparted t(^ 

iti moai. f>i' I ' The oscillation of the lever about the pin c 

is4 .inited by the ;, | 1 G (jamtid by the saddlc-l)lock B. When 

the rod Ef Miove(.\ ^iil»^iin;ction indicated by the arrow, the levt'r 
turning or .dll cac.^ ■ the block 1) lo approach B, and thus nip the rim 
at a and ' and any^urthcr motion of C will bo given to the wheel A. 
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On moving E in the opposite direction the grip will first be loosened, 
and the lever striking against the stop e will cause the combination to 
slide freely back on the rim A. The .amount of movement given to the 
wheel can be regulated by ctuinging the stroke of the rod E by an 
arrangement similar to that described in connection with the reversible 
click, § 265. I’hc stop G can be adjusted by means of the screw F so 
as to prevent the oscillation of the lever upon its center c, thus throw¬ 
ing ihe grip out of action. The saddle-block B then merely slides 
back and forth on the rim, the action being the same as that obtained 
by throwing the ordinary click out of gear. 

268. Masked Wheels. It is sometimes required that certain 
strokes of the click-actuating lever shall remain inoperative upon the 
ratchet-wheel. Such aiTangements are made use of in numbering- 
machines where it^ desired to print the »ame number tAvice in succes¬ 
sion; they are cajpd masked wheels. 

Fig. 408, tak^ from a model, illustrates the action of a masked 
wheel; the pin-^heel D represents the first m.tchet-whccl, and is fast 
to the axis a; the second Avheel A .has its teeth 
arranged in pairs, every alternate tooth being 
cut (leeper, .and it turns loosely on the .axis a. 

The click B is so made that one of its acting 
surfaces, ?, bears against the pins e of the wheel 
D, while the other, g, is placed so as to clear the 
pin.s and yet bear upon tlui teeth of A, the Avlieel 
A being located so as to admit of this. 

If now Ave suppose tlu* lever C to vibrate 
through an angle sufficient to move either wheel 
along one tooth, both liaving tlu) same number, 
it Avill be noticed th.at when the projecting piece g 


3 



Fig. 408 


is resting in a shalloAV tooth of t^|JRccl u4,*^ie acting surface i Avill be 
retained too far from the axis ^^||^ 4 ipon the tooth r, and tlius this 
vibration of the lever Avill h.ave noUKrt. upon the pin-A''’’'<^1 D; while 
whim the piece g rests in a deep tooth, as b', the clickjJ^; - >(• allowed 
to* drop so as to bring the surface i into action Avitli;» "v *» e'. 

In the figure the click B h.as just pushed the tooth, present 

position, the projection g liaving rest»)d.in the dec'p Zf «jI, ’c tvdac'l 
A : on moving back, g has slipped into the shalF;'%'%^^^^S* fi‘ . ne 
n«‘xt stroke of the lever and click Avill rcm^jii-O'J le < .the 

D, which .adA'aiK.'es but one tooth for every t ^ 42 "^*et(‘bscillatioiUMhf 
the lever C. 


Both wheels should be provided with retaining* lawls, O' .* of which, 
p, is shown. This form of pawl, consisting of. a roller p tm' hig aboiil 
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a pivot carried by the spring s, attached to the frame carrying the mech¬ 
anism, is often used in connection with pin-wheels, as by rolling between 
the teeth it ^1 ways retains them in the same position relative to the axis 
of the roller; a triangular-pointed pawl which also passes between the 
pins is sometimes used in place of th(?roller. 

The pins of the wheel I) might be replaced by teeth so made that 
their points would be just inside of the bottoms of the shallow teeth of 
A; a wide pawl would then be used, and when it rested in a shallow 
tooth of .4 it would rcm'ain inoperative on D, while when it rested in a 
deep tooth it would come in contact with^he adjacent tooth of D'and 
push it along. 

. So long as the click B and the wheels have the proper relative motion 
it makes no difference which we consider as fixed, as the action will be 
the same whether we consider the axis of the wheffs as fixed and the 
click to move, or the click to be fixed and the axis ^have the proper 
relative motion in regard to it. Tlia latter method % made use of in 
some forms of numbering-macliines. * ^ 

269. Counter Mechanism. Fig. 409 shows the mechanism of a 
“counter" used to record the number of double strokes made by a 
pump; the revolutions made by a steam engine, paddle, propeller, or 
other shaft, etc. Two views are given in the figure, wliicji represents 


a counter capable of recording revolutions from 1 ^ _ 

to 999; if it is desired to record higher numbers, it , ^ 
will only be necessary to add more wheels, such as ' 4ri, n; 

A. A plate, having a long slot or series of openmgs 6 , 

opposite the figufcs 000 , is placed over the wheels, ^ 
thus only allowing the numlxTS to be visible as they 'Li*' Id r 

come under the slot or openings. • ' 

The number wheels A, Ai, A-j are arranged to 
turn loosely side by side^pon th^^all shaft a, M 
and are provided with a series oJgPP^cth cut into \|f 

one side of their faces, while the other side a 
single notch opposite the zero tooth on the 

first side, it #i|# 1 ng the same depth and contour. 

This single not^fc can be omitted on the last wheel A 2 . The numbers 
0,|i, 2, 3, 4, .5, iy|^ 8 , 9 are printfitl upon the faces of the wheels in 
piH ^ relativ(? jWfliojMkto the teeth t. •• 

T /o arms C arM ■' ^'d to vibrate upon the shaft a of the number 

wifeels, and cari'^L,^ ^ir outer ends the pin c, on which a series of 


/ t 


Fig. 409 
The numbers 


0,||, 2, 3, 4, .5, m 
piB ^ relative^ 
T /o arms C arl 
wBSels, and cany 


clicks, h, 61 , and /> 2 ,^ aiTanged, collars jdaceil between them serving 
to k(‘ep them in posfcion on the pin. The arms are made to vibrate 


through an angle sufficient to advance the wheels one tooth, i.e., one- 




323 


I 

* MLSCELLANE<)1I.S MECHANISMS 

• 

tenth of a turn; their position after advancing a tooth is shown by 
dotted lines in the side view. A cxaiunon method of obtaining this 
vibration is to attach a nwl at r, one end of tlw^ j)in c, this rod to be so 
attached at its otluT end to the machine as to cause the rcl^uired back¬ 
ward and forward vibrations of lever C for each double stroke or 
revolution that the counter is to record. 

The click 6 is naiTow, and worics uix)n the tootliwl edge of the first 
wheel A, advancing it one tooth for every double stroke of the arm c. 
The remaining clicks 6 i and 62 are made broad,mnd work or^the toothed 
edges of Ai and A 2 , as we%as on the notched rims of A and Ai, re¬ 
spectively. When the notches it and m come under the clicks 61 and 62 
the clicks will be allowed to fall suid act on the toothed parts of Ai and 
A 2 ; but in any other positions of the notclKw the clicks will remain 
inoperative upon tke wheels, simply rifling upon the smooth rims of A 
and Ai, which k(^ the clicks out of action. Each wheel is provided 
with a retaining^)ring .s to keep it in proinn’ position. 

Having places the wheels in tiuj position shown in the figure, the 
reading being 000, the action is as follows; The click h moves the 
wheel A along one tooth for eatdi double stroke of the arm C, the clicks 

61 and 62 remaining inoj)orative on arul A 2 ; on the figure 9 reaching 
the slot, or the position now occupied by 0 , the notch n will allow the 
click 61 to fall into the tooth 1 of the wheel Ai, and the next foiward 
stroke of the arm will advance? both the wheels A and Ai, giving the 
reading 10 ; the notch n having now moved along, the click 6 i will 
remain inoperative until the i‘eading i.s 19, when will again come into 
action and advance A\ one tooth, giving the reading 20; and so on up 
to 90, when the notch iit comes under the click 62 . To prevent tjie click 

62 from acting on the next forward stroke of the arm, which w^ould 
make the reading 101 insteful of 91, as it should be, a small strip i is' 
fastened finnly to the end of th(yjjl|tk hi, it'%free end resting upon the 
click 61 . This strip prevents thl|E ^,62 from acting until the click by 
falls, which ocem’s when the readin^pl^OO; on the next forward stroke 
the clicks b\ and 62 act, thus giving the reading 100 . As the strip merely 
rests ufjon 61 , it cannot prevent fts action at any time. If another 
wheel were addeti, its click wcfuld require a strip resting on the end of 
bi. A substitute for these striirsf miglit be obtained by making ^e 
wheel A fasj^ to the shaft a, and allowing;the rem;j.ining wheels to + yn 
loose uix)n it, thin[dislvs, having the shmo contd'J ' as the notcluHl edg. of 
the wheel A, being placed betw'f'cn the wheels .1 i, A 0 A 3 , etc., and made 
fa.st to the shaft, the notcln^ all being phiced oppf'-'^to n; thus 1 he edgos 
of the disks w’fuild k(‘ep th(‘ clicks />«, ?)), etc., out Oi action, except when 
the figure 9 of the wliecl A is opposite the slot, and the notclu^s m, etc.. 
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are in proper position. A simpler form of counter will be described in 
§ 270. 

270. Intermittent Motion from Continuous Motion. The «as(« of 
intermittent motion thus fan‘Considered Jiavt* boon those in which a 
uniform reciprocating motion in on« pioc(i gives an intermittent cir¬ 
cular or rectili]i(‘ar motion to another, the click being the driver and 
the wheel the follower. 

It is often r(‘quired that a uniform circular motion of the driver 
shall produfc an internrittent circular or rectilinear motion of the fol¬ 
lower. The following examples will give sfme solutions of the problem: 

Fig. 410 shows a combination by which the toothed wheel A is 
moved in the direction of the arrow, one tooth for every complete 
tmn of the .shaft r/, the pawl B retaining the w’heel in position when tlie 
tooth i on the shaft d is out of action. The statiemary link adc forms 
the frame, and provides bearings for the shafts d anV a, and a pin c for 

^the pawl B. '*ie arm r, placed 
•by the side of tlw. tooth upon the 
shaft, is an-aiiged to clear the 
wheel A in its mol ion, and to lift 
the pawl B at llu^ time when the 
(lOoth t comes into action wth the 
wheel, and to drop the pawl when 
the action of t ceases, i.e., when 
the wheel lias Ix'en advanced om; 



tooth. This is accornpli.shed by attaching tin. pioc(‘ n. to the pawl, its 
contour in the rais(id position of the pawl being an arc of a circle about 
the ceatcr of the shaft d; its length is arranged to suit, the above re¬ 
quirements. When the tooth t comes in contact with the wheel, the 
arm c, striking the piece n, raises the pawl (which is held in position by 
the spring .<?), and retains# it in tl^^iised position until the tooth t is 
ready to leave the wheel, when^BpSing off from the 
end of n, allows the pawl to 
In Fig. 411 the wheel A makes one-third of a revolu- 
tion for evisry t urn of tlu^ wlieel be, its period of rest 
being about one-half the period of revolution of be. 

ILwe supposii A the follower, ajidVto turn right-handed ^ ^ i jL 
the (hiver be turns ](4t-lianded, one of the round _ 
pin.s b is just about to push ahead the long tooth of A, ' 

the circular retaining sector c being in su(;li a po.sit.ioii as to follow a 
right-handisl motion of A. 'The first [)in slides down the long tooth, and 
the other pins pass into aiul g(?ar with the tii'th h', the last pin passing 
off on the long tooth e, when the sector c will come in contact with the 


Fig. 411 



* MISCELLANEOUS MECHANISMS 325 

arc o', and retain the wheel A until th(? wheel he again reaches its 
present position. 

Fig. 412 is a diagram of a mechanism known as a Geneva stop. 
I'he wheel A makes one-sixth of a revolution foi‘ one turn of the driver 
oc, th<‘ pin h working in the slots 4' causing,the motion of A ; while the 
circular portion c of the driver, coming in contact with 
the coiTesponding circular hollows c', retains'vl in position 
when the tooth b is out of action. The wheel a is cut 
away just back of the pin b to provide clearance for the 
wheel A in its motion. If fye close up one of the slots, 
as b', it will be found that the shaft n can only make a 
little over five and one-half revolutions in (ither <lirection 
bi'for<? the pin b will strike the closed slot. This 
mechanism, when*so modified, has b«;(n applied to 
watches to prevem ovtawinding, and is calkHl the Geneva sfopy the 
wheel a being arched to the spring-shaft so as to turn with it, while 
A turns on an Jtis d in the spring-barr(‘l. The number of slots in A 
depends upon the number of times it is desired to turn the spring- 
sliaft. 

By placing another pin opposite b in the wheel ac, iis shown by dotted 
lines, and providing the necessary clearance, the wheel A could be 
moved throilgh one-sixth of a turn for every half turn of ac. 

A simple tyi)e of counter extensively used on wyter-meters is shown 
in Fig. 413, It consists of a series of wheels Ay B, C, mounted side by 
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1% 

side and turning loosely on the shaft or the first wheel to the rignt 
may be fast, to tlu> shaft and all the remaining wheels loose upon it, 
Kach wheel is uumhi'red on its fa(!e as in Fig. 4(M), and it is provided, as 
shown, that the middle row of figures appeal's in a suitable slot in the 
face of the counter. The first w'heel A is attached to t he ivorm-wheel E, 




Fig. 412 
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having 20 teeth and driven by the worm F geared^ turn twice^fer One, 
turn of the coiint<'r driving siiaft. / 

On a parallel shaft T loas(> pinions t) arrangiMi b^w^n each 
pair of wh^bls. Each pinion is supplied vfith six teeth on itsjeft side 
extending over a little more 'than on^half its’fe^e and ^h three teeth, 
each alternate tooth being out away, for tlEe woiaind^^f th^ face, as 
clearly shown in the sectional elevations. The middle i^evation (Fig. ‘ 
413) shows a view of the wheel B from the right of the line ah wit^i the 
pinion D st‘ctioncd on the line cd. The right elevation shows fli^ew of 
the wheel *4 from the left of the line ah v^h the pinion D sectfdhed on 
the line cd. The first wheel A, and all others except the last, at the 
left, have on their left sides a double tooth G, which is arranged to come 
in contact with the six-tooth portion of the pinion; the space between . 
these teeth is extended through the l)fass plate which forms the left 
side of the number ring whostifperiphery 11 acts as\ stop for the threev 
tootl^ portion of the pinion, as clearly shown in the iLpire to the right. 
Similarly on the right side of each ivheol, except th«|^first, is placed a 
wheel of 20 teeth gearing with the six-tooth part of the pinion, as shown 
in the middle figure. When the digit 9 on any whwl, except the one at 
the left, comes under the slot, the double, tooth G is ready to come in 
contact with the pinion; as the digit 9 passes und(‘r the slot the tooth 
G starts the pinion, which is then free to make one-third of a turn and 
again become locked by the periphery //. Thus any wheel to the left 
receives one-tenth of a turn for every passage of the tiigit 9 on the wheel 
to its right. In the figure tlu; reading 329 wdl change to 330 on the 
passing of the digit 9. This counter can bo made to record oscillations 
by suiylying its actuating shaft with a ten-tootli ratchet, airangod with 
a click to move one tooth for each double oscillation. 

Figs. 414a and 414b shoAV Iavo inethotls of advancing the wheels A 
through a space corresp^jpding tq|one tooth during a small part of a 
revolution of the shafts c; in thisJI^ the shafts are at riglit angles to 
each other. In Fig. 4l4a a |^^^circular ring with a small spiral 




part b attached to a disk is made use of; the fircular t)art of the ring 
retains the wheel in position, whil^^ the spiral part gives it its motion. 
In Fig. 414b the disk carried by the shaft cc has a part of its edge bent 



MISCELLANEOUS MECHANISMS 327 

helical at 6; thisJielitsal part gives‘motion to thevdieel, and the 
remaining part of uSe disk edge retains the wheel in position. By- 
using a^^re^ar spiral, iiincFig. 414a, and one turn of a helix, in Fig. 
414b, the wheels A epuM he made to jHove uniformly tlirough the 
space of one t^h during a uniform revolution of the shafts c. 

In Pig. 415' jpe wheJPA Is arranged to turb tlie wlieel J5, on a shaft 
‘at riglit ahglejT'to that of A, through one-half a turn while it turns one- 

sixth of a turn, and to 
Ihck B during^e remain¬ 
ing five-sixths of the turn. 

Fig, 410 illustrates the 
Star Wheel. The wheel 
A, turns through a space 
coiTOsponding to one 
tooth for each resolution 
of the arm carrying the 
pin b and turn¬ 
ing on the shaft 
c. The pin h is 
often stationary', 
and the star 
wheel is moved 
pas^ it; the 
action is then 

evidently the same, as the pin and wheel have the same relative motion 
in regard to each other during the time of action. The star wheel is 
often used on moving parts of machines to actuate sonu' food mechan¬ 
ism, as may be seen in cylinder- 
boring machines on the facing 
attachment, and in spinning- 
machinery. 

^71. Cam and Slotted 
Sliding Bar. Fig. 417 shows 
an * equilateral triangle ahe, 
formed by three circular arcs, 
whoso centers are at a, 6, and c, 
the whole turning about the 
axis a, and producing an inter¬ 
mittent motion in the slotted 
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Fig. 418 


piece B. The widt h of the slot is equal to the radius of the thn'C circular 
arcs composing t h(‘ three equal sides of the triangular cam A, and there- 
for(‘ the cam will always bear against both sides of the groove. 
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If we imagine the cam to start from the position shown in Fig. 4l8 
when 6 is at 1, the slottcHl piece B will remain at rest while b moves 
from 1 to 2 (one-sixth of the circle 1, 2 . . . 6), the cam edge be merely 
sliding over the lower side of the slot. When b moves from’2 to 3, i.e., 
from the position of A, shown by light full lines, to that show by dotted 
lines, the edge ab wall act upon the uppt'i* side of the slot, and impart 
to J? a motion similar to that obtained in Fig. 357, being that of a 
crank with an infinite connecting-rod; from 3 to 4 the point b will drive 
the upper sMe of the slo\, ca sliding over the lower side, the motion here 
being also that of a connecting-rod with jffi infinite link, but decreasing 
instead of increasing as from 2 to 3. When h moves from 4 to b there 
is no motion in B; from 5 to C, c acts upon the upper side of the slot, 
and B moves downward; from 6 to 1, ac acts on the upper side of the slot, 
and B moves downward to its starting posil ion. fFhe motion of B is 
accelerated from 5 to 6 and retarded from (> to 1. \ 

At A' a form of cam is shown where the shaft a i^wholly contained 
in the cam. In this case draw thefircs de and cb fre^a the axis of the 
shaft as a center, making ce equal to the width of the slot in B; from c 
as a center with a radius ce draw th(‘ arc eb, and note the point b where 
it cuts the arc ch; with the same' radius and b as a center draw tlie arc 
dc, wliich will complete the cam. In this case the angle c(j6 will not be 
equal to 60®, and the motions in t.h(‘ir durations and ext^t will vary a 
little from those described alxive. 

272. Locking Devices. Tlu^ principle of the slottc^ sliding bar 
combined with that of the (loneva stop is applied in the shipper mechan¬ 
ism shown in Fig. 419, oftem list'd on machines where the motion is 

automatically reversed. The sliipper bar B 
1 slides in the piece CC, which also provides a 

pivot n for the weighted lever wab. The end 
> ' ^ ^ i of the ^^r 6 opiiosite the weight w carries a 

Fig 419 the grooved lug s on the 

sliij^y bar. In the present position of the 
pieces, the pin h is in the uppejr part of the slot, and the weight w, tending 
to fall under the action of gravity,,holds it there, the shipper being thus 
effectually locked in its present petition. If now the lever be turned left- 
j^nded about its axis a until the weight w is just a little to the left of a, 
gravity will carry the weight and lover into the dotted potation shown, 
where it will be locked until the lever is turned right-handed. The princi¬ 
ple of using a weight to complete the motion is very convenient, as the iiart 
of the machine actuating the shippei’ often stops before the bolt is 
carried to the wheel which produces the revc'i se motion, and the ma(;hine 
is thus stopped. The motion can always be made sufficient to raise a 
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weighted lever, as shown above, and the weight will, in falling, com¬ 
plete the motion of the shipper. 

The device shown in Fig. 420, of which there may be many forms, 
serves to retain a wheel A in definite adjusted positions, its use being 
the same as that of the retaining-^)awl shown in Fig. 394. The wheels 
B and A tih^ on the shafts c and a, respectively, carried by the link C, 
which is sho^ii dotted, as it has been cut away in taking the section. 
Two }y>sitions of the wheel B will allow the teeth h of -A to pass freely 
through its slotted opening, while any other f)osition effeatually locks 
the wheel A. The shape of4hc slot in B and the teeth of A are clearly 
shown in the figure. 

Fig. 421 shows another device for locking the wheel A, the teeth of 
which are round pins; but in this casti il, is necessary to turn B once to 
pass a tooth of A. we suppas<‘ 1 h«' wheel A under the influence of 



Fig. 420 Fio. 421 

a spring which tends to turn it right-handed, and then turn B uniformly 
either right- or left-handed, the wheel A will advance oru? tooth for each 
complete turn of B, a pin first slipi|mg inte groove on the left and 
leaving it when the groove ope^^Kward the right, the next pin then 
coming against the circular part np|^^pposite the gi’oove. It will be 
noticed that while there are only six pns on the wlu'el A, yet there are 
twelve positions in which A can be locked, as a tooth may be in the 
bottom of the gi'oovc or two teeth may be bearing against the circular 
outside of B. Devices similar in pryicijple to those shown in Figs. 420 
and 421 arg often used to adjust stops in connection with fell 
mechanisms. 

Clicks and pawls as used in practice may have .many different foriiLs 
and arrangements; tln‘ir shape d(?pends very much upon their strength 
and the space in which they ar(‘ to be placed, and the arrangement 
depends on the re(]uir(‘in(*nts in each ease. 
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273. Escapements. An escapement is a combination in which a 

toothed wheel acts upon two distinct pieces or palktis attached to a re¬ 
ciprocating frame, it being so aixanged that when one tooth escapes or 
ceases to drive its pallet, anotlier tooth shall begin its action on the 
other pallet. • 

A simple form of escapement is shown in Fig. 422. The frame cc' 
is arranged to slide longitudinally in the bearings CC, which are at¬ 
tached to the bearing for the toothed 
wheel. The wheel a turns continually 
in the dirfetion of the arrow, and is 
provided with three teeth, 6, b', 6", the 
frame having two pallets, c and c'. In 
the position shown, the tooth b is just 
Fig. 422 ceasing to drive thetoallet c to the right, 

and is escaping, whl^ the tooth b' is 
juirt coming in contact with t-ho pallet c', when it wiF drive the frame 
to the left. • ^ 

While escapements are generally use<l to convert circular into recip¬ 
rocating motion, as in the above example, the wheel being the driver, 
yet, in many cases, the action may be reversed. In Fig. 422, ff we 
consider the frame to have a nwaprocating motion and use it as the 
driver, the wheel will be made to turn in the opixjsite dir^tion to that 
in which it would itself turn to produce reciprocating motion in the 
frame. It will be noticed also that there is a short inferval at the 
beginning of each stroke of the frame in which, no motion\ill be given 
to the wheel. It is clear that the wheel a must have 1, 3, 5, or some 
odd number of teeth upon its circumference. 

274. The Crown-wheel Escapement. The crowurwheel escape¬ 
ment (Fig. 423) is used for causing a vibration in one axis by means of 
a rotation of another. IHie latterfc^ies a crown 
wheel A, consisting of a cii cular Ijaj^yitli an odd 
number of large teeth, lil«‘1hosq^^r^litting-saw, 
cut on its upper edge. The vibrating axis, o, or 
verge as it is often called, is locateii just above the 
teeth of the crown wheel, in a plane at right angles 
to thf! vertical w4ieel axis. The v»»rge carries two 
pillets, b and k, located in planes passing through 
its axis, the distance betw<‘{‘n them being arranged 
so that they may engage; alternately with t(‘eth on opposite sides of 
the wheel. If the crown wheel be made to revolve under the action 
of a spring or weight, the alternate action of the teeth on the pallets 
will cause a reciprocating motion in the verge. T^e rapidity of tliis 
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vibration depends upon the inertia of the verge, which may be adjusted 
by attaching to it a suitably weighted arm. 

This escapement, having the disadvantage of causing a recoil in the 
wheel as the vibrating arm cannot be suddenly stopped, is not used in 
timepieces, and but rarely in otlftr places. It is of interest, however, 
as being the first contrivance used in a clock for measuring time. 

276. The Anchor Escapement. The anchor escapemeni as applied 
in clocks is shown in Fig. 424. The esc.iipe-wheel Ai turns in the direc¬ 
tion of the arrow and is supplied with long pomt(Kl teeth. • The pallets 
are connected to the vibrating axis or verge Ci by means of the arms 
diCi and eiCi, the axis of the verge and wheel Ijeing parallel to each 
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other. The verge is supplieil at^Aack en4 with an arm Cipi, carry¬ 
ing a pin pi at its lower end. ''llflbn works in a .slot in the pendulum- 
rdd, not shown. The reseinblanc^^^the two pallet aims combined 
with the upright arm to an anchorgave rise to the name “anchor 
esdapement.” The left-hand pallet, di, is so shaped that all the nor¬ 
mals to its surface pass above the verge axis Ci, while all the normals 
to the right-hand pallet, Ci, pass below the axis ("i. Thus an upward 
movement erf either pallet will allow the wheel to turn in the diroctimi 
of the arrow, or, the wheel turning in the direction of the' airow, will, 
when the tooth hi is in contact with the pallet <1i, cause a left-handed 
swing of th(? anchor; and when bi has passed off from d\ and ci reach(‘.s 
the right-hand pallet, as shown, a riftht-han(l('d swing will be given to 
the anchor. As.^jHmK;ndiilum cannot be sud(U*nly stopped after a 



332 


ELEMENTS OF MECHANISM 


tooth has escaped from a pallet, the tooth that strikes the other pallet 
is subjcH5t to a slight recoil b(;fore it can move in tlie proper direction, 
which motion begins wt^en the pendulum commenct« its return swing. 
The action of the escape-wheel on the pendulum is as follows: 

Suppose the points U and h to sho\f extn'ine positions of the point pi, 
and suppose the pendulum and point pi to be moving to the left; the 
tooth bi has just escaped from the palkit ih, and 0 i has impinged on «i, 
as shown, the point pi having reached the position mu The recoil 
now begins,Hhe pallet c*moving back the tooth Oi, while pi goes from 
mi to lu The pendulum then swings to #he right and the pallet *ei is 
urged upward by the tooth Oi, thus urging the pendulum to the right 
while Pi passes from h to ni, when 0 i escapes. Recoil then occurs on 
the pallet di from Ui to ki, and from fci to mi an impulse is given to the 
pendulum to the left, when the abovo-<lescribcd cy^ wdll be repeated. 
As the space through wliich the pendulum is urg^on exceeds that 
through which it is held back, the action of the cscaf%wheel keeps the 
pendulum vibrat ing. This alternate action ivith and®.Sfafri.sf the pen¬ 
dulum prevents it from being, as it should be, the sole regulator of the 
speed of revolution of the escape-wheel; for its own time of vibration, 
instead of depending only upon its length, will also depend upon the 
force urging the escapt'-wh('cl round. Therefore any ei^nw *' 
maintaining force will disturb the rate of the clock. »tion to that 

276. Dead-beat Escapement. The objectionable ^fction in the 
anchor escapement is removed in Graham’s dead-beo^^^^ 
shown in Fig. 425. The improvement consists in makings 
the lower surface, db, of the left-hand pallet, and the upp^fi^urface of 
the right-hand pallet, arcs of a circle about C, the verp^xis; the 
oblique surfaces b and / complete the pallets. The constru^pn indi¬ 
cated by dotted lines in the figure insures that the obUque surfaces of 
the pallets shall make eqAal anglo^&^heir normal position, with the 
tangents bC and fC to the wheel oj ^^ ot shown. If we suppase the 
limits of the swing of the point ?<!^be I and k, the action of the escape- 
wheel on the pendulum is as follo^: 

The pendulum being in its right extreme position, the tooth 6“ is 
bearing against the circular portipn of the pallet d; as the pendulum 
swings t.o the left under the actiort^of gravity, the tooth b will begin to 
mt>V(‘ along th(j inclined face of the pallet when the center line has 
reached n, and will urge the pendulum onward to m, where the tooth 
leaviis the pallet, and another tooth o comes in contact with the cir¬ 
cular part of the pallet e, which, with the exception of a slight friction 
betwwn it and the point of the tooth, will leave the pendulum free to 
move onward, the wheel being locked in posit? J'**- On the return 
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swing of the pendulum, the inclined part of the pallet e urges the pen¬ 
dulum from m to »?. Hence there is no recoil, and the only action 
against the pendulum is the very minute friction between thc^ teeth 
and the pallets. The impulse is here given through an arc mn, very 
nearly bisected by the middle p#int of the swing of the pendulum, 
which is also an advantage. The term “dcad-l)eat" has been applied 



because tlajKond hand, which is fitted to the escape-wheel, stops so 
completeljp® n the tooth falls upon the circular jiortion of a pallet, 
there beii]|^|ro recoil or subsetpuait trembling such as occurs in other 
escapemejKR 

In wajpres t,Jie pendulum is reiilacetl by a bulance-wlieel swinging 
backwflxa and forward on an arbor under the action of a very light 
coiled spring, often ciilled a “hai^^ring'’ tl|e pivots of the arbor are 
very nicely ma<le, so that they^^^vith very slight friction. 

*277. The Graham Cylinder ^H^||pent. This form 
of escapement is used in the Genevi^watches. Here the 
balance verge o (Eig. 426) has attached to it a very thin 
cyclindrical shell r« centered at o, the axis of the verge, and 
the point of the tooth b can rest eitJiei;on the outsider or 
inside of tluvjylinder during a part of the swing of the bal¬ 
ance. As the cylinder turns in the direction of tin' aiTow 
(Fig. 426a), the wheel also being urged in the din'ction of 
its aiTOW, the inclined surface of the tooth he comes under 
the edge s of the cylinder, and thus urges the balance onward; this givtfs 
one impulse, as si’ i in Fig. 426b. The tooth then jiasses .v, flies into 
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the cylinder, and is stopped by the concave surface near r. In the 
opposite swing of the balance the tooth escapes from the cylinder; the 
inclined surface pushing r upward, which gives the other impulse in the 
opposite direction to the first; the action is then repeated by the next 
tooth of the wheel. • 

This escapement is, in its action, nearly identical to the dead-beat; 
but the impulse is here given through small equal arcs, situated at 
equal distances from the middle point of the swing. 

278. Th^ Chronometfer Escapement is shown in Fig. 427. Here 
the verge o carries two circular plates, oi0 of which cairies a projec¬ 
tion p, which serves to opt'rate the detent d; the other carries a pro¬ 
jection n, which swings freely by the teeth of the escape-wheel when a 
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tooth is resting upon the pallet d, but encounters a too^ .en the 
wheel is in any other position. 

The detent d has a c#mi)ound®^struction and consists of four 

1® The locking-stone d, a pieoj^^^)y on which the tooth of the 
escape-wheel rests. 

2° The discharging-spring I, a very fine strip of hammered gold. * 

3° A spring .s on which the detent swings, and which attaches the 
whole to the frame of the chronpnipter. 

A support e, attached to the body of the detent, to prevent the 
strip I from bending upward. 

A pin r prevents the detent from approaching too near the wheel. 

The action of the escapement is as follows: On a right-hand swing 
of 1 he balanct; the projection p m(iets the light strip I, which, bending 
from its point of attachment to the detent, offers ’ > ''vv^i y little resist- 
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ance to the balance. On the return swing of the balance, the projec¬ 
tion p meets the strip I, which can now only bend from e, and raises 
the detent d from its support r, thus allowing the tooth h to escape, 
the escapc-wbool being urged in the direction of the arrow. While this 
is occurring, the tooth 62 encounters the projcsction n, and gives an 
impulse to the balance; the detent meanwhile has dropped back under 
the influence of the spring s, and catches the next tooth of the wheel bi. 

It will be noticed that the impulse is given to the balance immediately 
after it has b(;('n subject to th(? resistance of unlocking the detent d, 
thus immediately compens^ing this resistance; also that the impulse 
is given at every alternate swing of the balance. 

The motion of the balance is so adjusted that the impulse is given 
ti trough equal distances on each side of the middle of its swing. 
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^ 1 . Referring to Fig. 1, page 7, if OR is a crank 18 ins. long turning 90 r.p.m. 
find the displacernont and acceleration of point T when 0 = 60 degrees. 

2 . If the periphery speed of a drill 2 ins. in diameter is not to exceed 40 ft. per 
minute what is4hc maximum number of r.p.m. at which it may be run? 


3 . {a) What is the angular speed of this 
pulley in radians per second ? 

(b) What is the linear speed of a point M on 

the circumference in feet per minute? • 

(c) What is the ratio of the linear speed 
P to that of Af? 



Pbob 


4 . Asisume that in turning steel shafting a cutting speed of SO 
allowable. How fast must a piece of 6-in. shaft turn to give this s 


Th^Pelton water wheel shown in the figure 
b driven by a jet of water having a velocity of 
90 feet per second. The linear speed of the 
center line of the buckets is fp.ti that 
water. What is the diameter in inches 
center line of the buckets if the wheel isj 
a shaft that turns 100 r.p.m.? 


:o^ minute is 
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6. This emery wheel is 6 ins. in dia<neter and makes 
2546 r.p.m. • • 

What Ls its surface speed in ft. per minute? 

(6) If the wheel turns as indicated and the piece of cast 
iron D is fed as shown by the arrow at the rate of 80 ft. 
per minute, what is the cutting speed ? 

(c) If D is fed in the same flirection and at the .satv.®, 
speed as before and if the emery wheel turns 2.5‘J6 r.p.i* 4* 
but in a clockwise direction, what is the cutting speed? ,S ! 

386 r 
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7 . A pulley makes 400 r.p.m. A point on its outer surface has a linear speed 
of 4000 ft. per minute. What is the diameter? 


8 . The sketch .shows a grindstone 
operated by a treadle. If tt is taken 
as 3 and the average spiKsi of the siu- 
face of the stone is 540 ft. f>er minute, 
through what distance does thd^point 
F on the treadle move in 15 minutes? 
Through how many radians does it 
move in that time? 

Note. — The point E is on the verti¬ 
cal center line YY wmn the treadle is 
in the highest and k^est positions. 




Fulcrum 


O/ On a 
wheel has an 
one point is 
points? 

10. The, 
radians ixsi 
of tlie a 

11. A 
ins. long 
zontal 
exertei 


ahafl 


arm is vcrtic! 
horizontal. 


Pitoa. 8 

rcvjfving wheel are two iMjints located on the same radial line. If the 
;ular speed of 1000 radians per minute and if the linear speed of 
ins. i>or minule gn'ater than the other, how far apart are the 

r lof a centrifugal drying machine has an angular speed of 4398.24 
tc. What is the linear speed of a point 2 ft. out from the center 
per minute .and how many r.p.m. do(¥( the dryer make? 

Fank lever of the type shown in Fig. 17 has arms that are 8 and 10 
lake an angle t)f 00 degrees with each other. If the long arm is hori- 
100-lb. weight, suspended from its end, what vertical j>ull must be 
of the .short arm to balance the 100-lb. weight? 

the type shown in Fig. 18 the line of motion of the end of one 
'wMc the line of motioj^j^he end o%the other is 45 degrees with the 
One arm is 5 ins. 1 



the motion of its end .along the vertical 
Ijnc is 2 j ins., the motion of the enj^^H|||Other arm is 11 ins. along the 45-degree 
line. If the ends of the arms of t^Pl^^rank swing e<]ual!y either side of the 
lines of motion, locate graphically the fuRum of the rocker and show the center 
lides of the arms when in their mid-positions. 

' 13. The main driving pulley of a broaching machine is 1S ins. in diameter and t urns 
at a speed of 400 r.p.m. If the pulley i* driven by a belt from a 10-11. P. motor 
developing its full rated power, what is tKe effective i)ull of the belt? 1 

14. A shaft making 200r.p.m. carries a pulley 36 ins. in diameter driven by a Pelt 
which transmits 5 home power. What is the effective pull in the belt? What 
should be the diameter of the pulley if the effective pxdl is to be 50 l))s. ? 

15. A 6-in. belt transmits 8 horse power, when running over a pulley 20 ins. in 

diameter runnim^^[^r,j^f^. If the maximum allow.aljlc tension is 80 lbs. per inch 
of mdth and if tensions is assumed to be constant, with what tetision 

was the belt pu^^^^^Hevs? 
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; 16 . What is the width of a fabric belt which transmits 45 horse power when run¬ 

ning on a 30-in. pulley which turns 550 r.p.m.? The belt wa.s put on with a tension 
of 70 lbs. per inch, the maximum teasion is not to cxocc<l 95 lb.s. per inch, neglecting 
. centrifugal force, and it is assumed that the sum of the tensions is a constant. 

• Determine the width of a single belt to carry 40 horse |X)wer when running 

. ’.6n a pulley 48 ins. in diameter which turns *B00 r.p.m. ITie maximum tension per 
jpeh of width for a single belt is 65 lbs., neglecting centrifugal force, and it?8 assumed 
'■•.that Ti = 2§ Ti. Determine the width of this belt, using the millwrights’ rule. ' 

18 . A 3-in. belt is designed to stand a difference in tension of 50 lbs. per inch of 
width, neglecting centrifugal force. Find the least speeil at which it can be driven 
in order to transmit 20 horse power. 

19 . To what difference in tension on the two of a belt does the millwrights’ 
rule correspond? If the maximum tension for a single belt is 65 lbs. per inch of 


T 

width, and for a double belt 150 lbs. per inch of width, what is the value of 7=^ in a 

/ 2 

belt calculated by the millwrights’ rule? Answer both parla of the problem for 
both single and double belt, neglecting the effect of centrifug^orce. 

20.^ Shaft A, turning 120 r.p.m., drivea shaft li at speeds o^O, 120,180 and 240 
r ()m. by means of a pair of stepped pulleys^aml a crossed belln The diameter of 
the largest step on the driving pulley is 18 ^s. ('alculate the 
st^ of both pulleys. 

. 21 . Two shafts, each carrying a four-step pulley, are to be conni 
belt. The driving shaft is to turn 150 r.p.m. while the driven sh! 

150, 250 and 600 r.p.m. I'he smallest step of the driver is 10 
Find the diameters of all the steps. 

22 . Solve the preceding problem if an open belt is usc'd inst 
belt and if the shafts arc 30 ins. apart. 

23 . Two shafts carrying live-stop pulleys are to be (jonnctled ll 
The driver is to turn 150 r.p.m. while the follower is to have speeds 

f 200 and 250 r.p.m. If the smallcsit slep on cither puWey is 8 ins. i 
the ^ameters of all the steps to two decimal plac(S<. 

^ vsC Tljp feed mechanism of an upright drill i.s operated by an ofKJ 
on three-step pulleys. The driving shaft turns 150 r.p.m. while ti ‘ 
turns 150, 450 and 900 r.p.m., the two sliafts Inang 15 ins. at 
diameter of the driver is 18 ins. find the diameters of all the st^ 
these pulleys had been calculate for a crdHUdt but an open 
on them the belt would have been foundJgMIort to rtin on sofhe of the steps. 
State appro.ximately how much too sho^^l||l^ have been for the worst case. * 

26 . A lathe having a five-st(;p pulle^HpPIn by a bolt (assumed to be crossed) 
from a pulley of the same size on the countershaft. The countershaft is to haveja 
constant speed, and the lathe is to have speeds of 60 r.p.m. and 135 r.p.m. when the 
belt is on the steps either side of the cent^ step. If the minimum speed is 40 r.p.m! 
and the smallest diameter 4 ins., find pjop^r speed of countershaft, maximum speed 
of l^the, and diameter of all steps on the pulleys. ^ 

26 . Each of a pair of equal fivc-stepp^ pulleys has diameters 20, 17f, 15J, 12J, 
lOJ liis. Were these pulleys designed for an open belt or a crossed belt? If the 
driving shaft turns 500 r.p.m. calculate the five speeds of the driven shaft. 

27 . In a pair of stepped pulleys the driver has diamete^ of 31.62, 25.5, 20.53, 10 

ins. Tlie smallest diameter of the driven pulley is 7.9’j’* largest diam¬ 

eter 30 ins. Is the belt crossed or open? Calcula*^^i;.‘.^^’'*;^v^,.‘.etween centers 
of the shafts and the other two diameters of the drC:.- 


jimetcrs of all the 

pted by a crossed 
^ is to tur^ 50, 
in diameter. 

!of a crossed 


tossed belt 
100, 150, 
leter, find 

running 
n shaft 
;e8t 

e ste^ 
hd been used 
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28 . Two shafts are connected by a crossed bolt running on a pair of speed cones... 
The. driving ^aft has a constant speed of 135 r.p.m. wliih; the driven shaft is t(i 
have a range of speeds from 45 to 300 r.p.m., the speeds to increase in arithmetical 
progression as the belt is moved equal distances along the cones. The smallest . 
diameter of the driving cone is 3 ins. Find the diameters of the cones at the ends • 
and at two intermediate points. Plot 4hc cones (i- size) if their length is 24 ins. 

29 . Afeope drive composed of liii ropes is to transmit 120 horse power. If th§. 
pitch diameter of one of the sheaves is 4 ft, and if its angular speed is 1500 radians,- 
per minute, what is the elTectm? pull in Cvach rope? 

. . 30 . A rope drive (Multiple System) consisting of 15 ropes is transmitting 200 
horse power when the speed of the ropes is 1100 ft. per minute. fThe maximum 

tension per rope is 650 lbs. whidHis \ the breaking strength of the rope (expressed 

^ T* 

as, “a factor of safety of 4”)- Find the ratio —• Suppose that 3 of the ropes 

J i 

should break, the remaining ropes carrying the whole load. If the ratio stays 

* 2 

as before, w'hat does the maximum tension become and what- the factor of safety 
on the rope? 

g 500 r.p.m. transmits 3 hors(> power through a chain, drive, 
tlu; driving spro'‘kel. is 3 ins. What is the effective pull in 
the maximum tension neglecting centrifugal force? 
c is transmitting Sliorse power when the s])eetl of the chain is 
What is the effective pull ii. the chain? Huppo.se the speed of 
the chain be incAased to 1200 ft. per minute, if the power tra?ismitted remains the 
same'as before,^jyhat is the effective pull? 

75 R.P.M. 


r.p.m. docs B make? 


. 31 . A motor 
The pitch diametCj 
the chain and whi 
32 . A chain d] 
900 ft. per minu 




,= 5 of the ang- 

_ e and find 

phically the ^SJmeters of cylini 
connect them: 

(a) When they turn as shown 
full'arrows. 

*(6) When they turn as shown by the 
dotted arrows. « 



Prob. 34 


36. A an<7 B are rolling cylinders connecting 
• he shafts S and T. C and E are cylinders fast 
to these shafts and slipping on each other at P. 
Find the diameters of C and E if the surface spee<l 
of E is twice , 


C 1 

! \ 

1 

_j 

a 


B 


-18 D. - *^,4 D.f 

Prob. 35 
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36 . Tl^ sh^t of a grindstone is mounted on 
rollers, q^gbown.' If the circumference of the 
stone has,a s^eed of 628.32 ft. i)er minutS, find 
its r 4 ).m.;".lf the angular speed of the rollers is 
209.44 radians per minute, find their diameter. 


2"Shaft 



/..i_ 


Pbob. 36 


37 . How far from the axis of T will the 
ef:nter-of the roller R be located if the* 
angular speed of shaft S is three times as* 
great as that of T? 


/I" 

r 




Phob. 


38 . A and B are two shafts at right angles, in the same 
vertical plane. (7 is a disk carried by a supporting yolfc - 
on a horizontal shaft arranged so that C is alway.s in 
contact with the ciiual conoids on yl and B. A turns at a 
constant opced of 60 r.p.m. What is the maximum speed 
of /?? What is the minimum spexjd of B? What is the 
speed of B when the yoke supporting C has turned 
degrees from its present positioji? (Assurri|||^^lipping.) 


13 


39 . A turns 100 and B 160 
r.p.m. as shown and arc connected 
by rolling cones. (Calculate the 
apex angle of each cone. If the 
base of cone on A is 3 ins. from 
the vertex, calculate the diameters 
of Ipoth cones. . Solve also graphi- 



Peob, 39 


^ 


Pbob. 40 


iO. Two shafts A and B are connected by rolling con^ and turn as shown. 


makes 300 r.p.m. while B makes 100 r.p.m. Calculate,*/^ ?^"X.angle of c.ach cone 
and the diameter of each base if the ' ase of cone B j' ^ vertex. Solve 

also graphicaUy. - ' ' 
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41. Shaft B makes 180 r.p.m. and shaft T iftaJces 60 r.p.m. Draw a pair of 
frustra of cones to connect them. Base of smaller cone 1 in. in diameter. Element 
of contact I in. long. 

(а) When the shafts turn as shown by the full arrows. 

( б ) When they turn as shown by the dotted arrows. 


« 



B 


Prob. 41 


Pros. 42 




42. Shafts A, B M\d C are (^neciod i)y cones in external rolling contact so 
that the revolution^yl : i? : C = 3 : 2 :4. If the diameter of cone B is. 6 ins. 
draw in the thre^pnes giving the diametere of cones A and C. (Show method 
clearly.) 

43. Given a ^itch gear of 24 teeth. The addendum equals the module, the clear¬ 
ance is to be i ojthe addendum and the back lash is to be 2 per cent of the circular 
pitch'. CalculH the following, giving results to three decimal places: the pitch 
diameter, the meter of the blank gear before cutting the teeth (addendum diam¬ 
eter), the dei^Bpf teeth, the backlash and the width of tooth and width of space. 


"44. In 



en position 

angular speed of A 
angular speeti of B 
angular speed ratio of what 
ve that this is so. 




46. A pinion 6 -ins. in pitch diameter^ 
dtive a rack. The flank of the rack is 
of a circle 2 i-ms. in radius with its center^ 
below pitch line of rack as shown. Fine 
points on the face of {he pinion starling with 
points on given flank ^ and I in. from the 
pitch point. A^uming an addendum of 3 in. 
on pinion show arc of jpeess on the rack’s 
pitch line. 




Prob. 45 
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46. Given thu /lank of rack, a straight line at 15 
igrees with ^ei|||fe'centeVa, iind^ltwo points on the face 


m the- pinion abdjrr^l and -J in. away from t’ e pitch lino, 
and ^ow path ^ contact in recess if the pinion drives 
turning" ri^t>handed. 


L4^: 
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47. .A pinion 5 ins. in diameter is to drive WiA /^/ 
an ann^ar 12 ins. in diameter. The flanks / 

of the aiinular’s teeth are arcs of circles with 
2 -in. located as shown. I’ind three 

pointi^ ai^.o. b, c, on the face of the 
Show' the path ot contact in recess if i X 

pinion’s addendusu^is 1 in. Find the arc ofT \. 

recess and the angl^ of recess, and the long 'T* ' 
of the acting flank. 




oA y ( 
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48. A pinion 16-ins. in diameter with rr^ial flanl^s to be driven 
diameter ^^Iso having radial flank teeth. ‘ 

1® Firffl the respective faces. / V 

2 ° If the addendums = J in. show the path of conwcL the ao* 
and recess; the rna.ximura angles of obli^ity in appmT'XjG 
lengths of the acting flanks. | ^ WS*'**'^ 

3° Draw the true clearing curve which ^H^U|(fmion'.s tooth 


F;inion 4-inv 


aroach 


Id trace 


49. Diameter of pitch circle of pi^^H 
« 3| ips. Diameter of pitch circle o|fl9| 
nular -^ 8 ins. I'he flank of the annM|^ 
to be the arc of a circle l-|t ios. in 
as ^hown. Find two points on the 
/ pinion .starting with points on given 
'and I in. from the pitch point. 
jiO. path of contact in approach if annular 
drives left-handed. 
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60. Involute gears, 22| degrees, pbliqmty, 1-pftc^, addeoduin f th'^'‘iilb£ld2e, 
clearance = J the module, no backlash. "A pinion having 9 teeth, iurninj^ c^ocWlse, 
is to drive a gear of 12 b'elh Indicate the path of contact, and angles of approach 
and recess for each goal* also give the ratio of the arc of ai-Uon to circular pitch. 
Diaw two teeth on each gear, having a pair of t 4 Kth in eontad||^ tile pitch point. 


Indicate the acting flank of tlie teetlAi each gear. — .it 

61. Find the diameter and num^V of teeth of the sinalleat^ 3*|>itch pinioA with 

20 degrees obliquity, whwhVould *ow an arc of recess = are df approach =* the 
circular pitch, and draw its pitch e Jpddendum circles. If the pinion drives a rack 
what is the greatest allowable ad«^ rack? 

62. Invohite gears, 15 degrcj,^^quit> ;* a SO-toOth pinion 2-pi|ph is to drive a 
rack. How long can the arc of Ih j|^i^ch l,e f Can the arc of recess equal the circu¬ 
lar pitch and why ? 

63. An involute gear with 21 weth, 3-pitch, 15 degrees obliquity, has an adden¬ 
dum diameter of 7J ins. Draw Its base circle and pitch circle. Could two such 
gears properly be used to coiiomAwo shafts 71 ins apartGive reason for answer. 

64. Involute gea^2-pitch JMegrees obhqmt> A 24-tooth pmion is to drive a 
32-tooth annular. 'Uc arc oflKBoach tu be equal to 1J the pitch and arc of recess 
to be equal to the dK*ular pi^ffiftraw the addendum circles. Is each of these arte 
possible; (explaii^early the s^j^^'nvhich this is determined). What is'fi*' 

of the path of cq^ct m appro»‘‘‘^din reces>.s and why? ^ 


gears properly be used to connM 
64. Involute geaq/2-pitchJ 
32-tooth annular, 'jmo. arc <mM 
to be equal to the ti^'ular pi^H 
possible; (explaiiwearly the 
of the path of co4act m approJ| 
66 . Two cycVdal gears with 
on each. m 

I* Draw thjpiitch circles anc 
2° If the iw|rendum = ^ m. 
show the pat^f contact. * 
3° How kajus the arc of ^ 
ju.st give pd^Haction? 

66 . A ^^^Riuthbtccth < 
tooth anteB^B^mo size dee/^ 
of approafPIBbo | of the m ^?| 


jin rcces>.s and why? l^"’ 

I 12 teeth respectively, 2-rai^" radial flanVa 


4 ,.oribing circles and 
10 -tooth pinion dr 


ipFlheir diameters, 
es turning right handed 


iprms of the pitch? How long must it be to 


' 1° Fiiijp, 

toothi^^gfli 


IV thjliitch circles and ^ > 4 ,.oribing circles and j^fnheit diameters. 

IP orfenthim = ^ in. ' * * 10-tooth pinion dr^ra turning right handed 
latfWf contact. * ■•4 

' kBLs the arc of ^ \4 |^erms of the pitch? How long must it be to 

^H^it h 6 teeth « to drive one with 8 b'oth Radial flanks on 8- 

size dej?,jf^g oiiye for the flanks of the 6-tooth. The al-c 
^WRe I of the ih J^nd thAarc of recess to lie J of the pitch. 

‘««^5iiraum aiMTof obliAity in approach and m recess m degrees. 
*'**veii aic of acti^ pos.sil)lc?y • 

jpcrchangeablc Set. 3-piU'h. Radial flanks on a 15- 


p is to drive one with 8 b'oth 
fig oiJWe for the flanks of th 


Radial flanks on 8- 


^ 4 "liBfioalb moduj||. Clearance (xjuals J of the addendum. • 
39-toothjApIar. Shaw path of contact. How many 
be m the Brrn^teBj^^Kr that woiid gear with the 18-tooth pinion? 


vcloidal gears with addendum the same 
rpinions will give a path of contact 2 
ions properly drive a 7-looth pinion of 


teeth wouIdflHA be m the that woiid gear with the 18-tooth pinion ? 

j^how path ofmjmact in this 

68. In^a flr^n, interehangcaM^^B^ycIoidal gears with addendum the same 
on* all gcaraJpuTound that twoj^Hl^pi^pinions will give a path of contact 2 
iifchch long^Could one of the 8-t^^^^Kons properly drive a 7-looth pinion of 

69. A pin-gear l-iiitch with 8 p-a-fl^^riven by a rack. The pins to be 
one-half the pitch m diameter, ‘ ^j£|H|HRR‘ndum on the rack’s teeth is IJ ins. 
Find the tn^* path of contact. ‘^plPariPthe teeth for the rack and the pin‘#for 

» »hc gear, assuming no hack lash, and a clearance of 01m. j^r 

6 -tooth 1-pitoh cycloidal gi*ar has its flank describing circle equa^^.l*’ | 
r • Pircle. It is to drive another 6-tooth gear like itself. Draw the adde^ 'Jf 


£*s so that the ares 
sbolLthc path j 


It is to drwe another 6-tooth gear like itself. Draw the 


the pinsffor 

equa^ 
c addM ‘Jt 


iproach and recess are each equal to J of the pitch; and 
ll^t would be tljui^hapos of the teeth ? 
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^^'^61. Shaft A turns 120 r.p.m. in the di¬ 
rection shown and drivw shaft fi l:>y means 
of an open belt runninK on the right-hand 
steps of the pulleys. Shaft C i.s driven 
from B by" a pair of gears so that C turns 
3 times fo^very 2 turns of B. Gear D ' 
has 26 tcetmifhilc E h.'us 78 teeth. Shaft ^ 
F carries a' tievel gear of 12 teeth which ' 
drives one of 120 teeth on shaft (}. Shaft j 
G also carries It, a 4-pitch, 16-tooth gear 
which is in mesih with a sUding rack. What 
is the speed of the rack in inches jicr minute 
and does it move to the riglit or left? 



Pros. G1 


62. In a broaching machine, the shaft A carrie|a pulley 
24 ins. in diameter which is driven by a belt froiA a 12-in. '{J 
pulley on the countershaft overhead, the latta timing 1 
150 r.plm. The gears B and D have 12 teeth e* While ^ 
C and E have 60 teeth. Gear E is fast to F, 
in +eetK and a circular pitch of 1.047 ins. 
toll,. ^ ’ 'ith rack G to which is attached 

Find tfie'.., with which the broach is 
the work in h. ^ jier minute. 
y' 

^ 63. In a brick^.. king machine is 
found this train of gto.,s. A motor 
carrying pulley E, which Is 6 ins. in 
diameter, drives the machine. The 
wide-faced roller F, 12 ins. in diam¬ 
eter, drives a conveyor belt. If the 
motor runs at 1200 r.p.m. what is the 
speed of the conveyor belt in ft. per 
minute? (Neglect the thickness of 
the belt.)* 


64. 


In a crane, the chain barrel is d: 


keyed a pinion of 14 teeth. This gears 
spindle as a pinion of 12 teeth. ^*The last 
to the same spindle as a wheel of 25 teeth'',- 
tceth keyed to the chain barrel spindle. G 
Sketch the arrangement and find r.p.m ' 
on drum per minute. 

^66. Effective puU on the belt 
W — 7000 lbs. A is 2.3 ins. in diami 
D, ^ind F each have 18 teeth. E = 

C - 50 teefcfr' H is 20 inches in 
; ' there is a loss of power of 

.any teeth must there be i: 

Wutva is the tight side of the belt? 




Prob. 63 

?ii the spir^ which is 

/.®>»wrW!Iecl \ jOeth keyed 
^'latter gears w| ^ wheel of 54 
,rrel is I6i-ins. / itch diamet^, 
when 20 ft. c! ’in are wound 


C 


-1 
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54 T, 


3ST. 


y 

66 . Sketch shows sidp olrvation 
molding machine. The stock is fed tl 
rolls A to cutter C which is drive: 
quarter turn belt as shown. Roll 
4i ins. in diameter, the upper one on 
power driven. If the cutter C ifjt 
diameter, find the feed of the;?', 
revolution of cutter and the 
of cutter and work. (Cutter 
hind the work.) 


€7. d. is an 
driving pinion 
of teeth on the 
figure. If A mi 
slip between thi 
second. 


68 . Thej 
of ?. Am 
of gears 4 
nearly eqi 



fular gear 

‘laving 12 

ler gears as 

^es Ifi r.p.m. fi; 

cylinders R' and 
.>■* 




12 T. 


r - 18" 


Pros. 66 


77 teeth, 
umbers 
in the 
;rate of 
|,3et per 



^- 

U. . — ■" r" ■■ < * 





train are to give a reduction in the ratio 
o wheel of hiss than 15 teeth. First pair 
e reduction of speed by the two pairs os 


of teeth Jor the four 

me pitch. No gear to 
teeth. 


Prob. 69 


70. Shaft 5 has a co: 
Gears F, G, and // for: 
not to turn oft shaft 
•'V, and 860 r.p'.m. 

- same ani 

^ The slowest S] 

U aiv^n m^h. 


speer 
it frii 
is toj 
ar 

gears 

gears A and 
iSi is when 



Prob. 70 
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71. The sketch shows a nest of spur gears, each pa^r being 
always in mesh and all gear's of the same pitch. F, G, and H 
form a unit keyed to shaft B. C, D, and'Ejarc loose on shaft A, 
but may be locked to the shaft one at a (.ii^ •. Find the num¬ 
bers of tej^th on all gears if the revolutions oi i for one of A are 
to be and 2i as F', D and E respectiva are keyed to A. 
^o gear td have less than 14 teeth. ^ ' 



PnoB. 71 


72. Both gears on both shafts A and B ar«'’^t. 
The three gears on shaft C are fast together bJ ^t 
to the shaft and may be moved along shaft ^ \ 

uv; '^poiifraft A has a constant speed of 60 r'.p./ ^ 

' ' '•f?..^are to be 240, 60 and 15 r.pn^ Ad 
suitable { of teeth in all gears if t|^^ all 

4-pitch. /• * 



^ 73. The value of a train is to be apjii^ 
of 1. Find the least number of pairs and 
of teeth on each gear. No gear to have a 


P| 72 

(, with an all ;lc variation 
'.rain, indicafl .e numbers 

teeth nor lei 112 teeth. 


74. A^B, and C are gears having teetl 
as showC m 

1° If A turns -f4 and arm turns -m 
find turns of B and C. ™ 

2 “ If d is not to turn and B ^^irns 4-3( 
find tiurns of the arm. 


76. Gear A is fixed. The 
arm turns about the shaft on 
wh^ch A is located. Find the 
-"iber of teeth on gear C if 
> s three times as many 

turns as B does but 
in opposite direction. 


ydater gears w/ , 
frrel is lei-ins. / i 
when 20 ft. a 


y;€) 




^ \ 
Tv \ 



X ... 

■ t—' ■ 

4 S Y-~: ’} 

. A -V-„ r‘ y • 
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76. In this roller bearing D repr||ents 
the fixed bearing in which the roUoftare 
supported while S is the shaft. AssBiing 
that there is pure rolling contact bjW'een 
the shaft and the rollers, and bet^'- *< the 
rollers and D, find the ratio' of^ '^d at 
which roller cage revolves to spei^ ‘Iwhich 
shaft revolves. •“'* * 


77. 1® If 4 

and the' arm — 
turn^of B, C, a 
2° Suppose 
be uSSJ betwe 
other (jfcnditir' 
as before, fi: 

D. 



- 78. 

many turns doi‘®f 

H for] 

ift 

p'm 
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79. If shaft A makes 20 turns in a posB 
direction, find the number of turns of shaf 
and its direction. 


80. D is a fix'*) ' -ear, .1 is fast to 
shaft with the .54-tootlJ^ Rear, and P is 
arm of the epicyclic tr^. If .4 turns 
find the turns of the arm, then find the 
of R. 



81. In this hi^is4j*^ mechanism, A 
a fixed annulaf'havmg 100 teeth. 
two idle pinions li are .carried by 
of the epicyclic tra'n, whicJi also c; 
the drum, as .shown,.' Gear w 
fast to the crank, has 70 teeth, 
ofsdrum i.s H ins., length of eraij 
/ -^jrce aj)plictl at crank i.s 

f ie teeth on the pinions 

V ^" lifted, neglecting friction. 
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85. Let shaft S turn +3 times. Find 
the turns of the arm. 



86 . If A is a. ,’*• coupled 

to a dynamo m\^.. 2500 B 

r.p.m., how many revt/i^ons 
per minute does B make^ 


87. The {. . ,mavm{; 
turns of yi in Sfi are eaihown, how 
many turns dr irij’u, win and does 
it turn in the iown. G’jtion as A 
or opposite? ^ ^7*1* 

4 r ' 

r r.‘a a- 


17 T,-'^ J&rel is 16 |-in 8 . / 

31 I rf 'V 

1 ^ ^'~"rr7r\ 









PROBLEMS 


92. If driving pulley, D, makes 300 r.p.i 
at what rate is the cross rail raised? 



Cross rail 


93. B and C arc two equal gears. They 
may have no axial motion. D and E are 
two gears, E being four times as large as D. 
Shaft A is a square shaft turning with B, but 
fr^(^> slide through it. The screw threaded 
w7 ♦oetK'-''’' h 5 ^f, jj jpjyj Qf 1 jjj left handed. 

* K • 

nti-r,!,’ ... ''rus of the handle, are needed i 



1 




m 








Y ^ /i ate .erhowu, how 

and is fixed. <^^0“ «« ^ 

(.single) threads *■** 


.Ts 


^ * 





PROBLEMS 


96. The hub H of the 200-tooth A 
gear forms the nut for the screw S. j||| 
'rhe graduated wheel is fast to the M 
shaft with the two pinions. Hov .^ 1 
far will S move along its axis whf-. ^ 
ly is tum(;d through the angle f ^ 1 1 
re.scutcd by one division ? In wj^* ly 
direction will S move if W t|^‘*,y' 
with the arrow? ,ft 




-40 Th. par inch 
R.H. Singly 


Prom. 96 


97. If the^echanism of Pro ' 
OO^werc chanMl as' shown in 
figuro, howHKArould *S raovf 
in which dir^ioa if W turns 
the arrow, owdivision? 




III 






d: 








a 




teeth, if the 
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PROBLEMS 


lathe is to cut threads from 4 to 20 per inch, o? ?o to cut 11 ^ threads per inch. Arrange 
results in the form of a table, usiiiK the le.^t number of gciirs and having as few 
teeth as possible. Give the number of difiii-cnt change gears that must be fur¬ 
nished with the lathe and also the total HUli crof teeth that must be cut to make 
the set of change gears. Should N and M ( h be used in cutting a right handed 
thread, or only Af ? 


, jthreaded 
* Jiy teeth 
j mov^lT 
/quals sl 
,0 frictiol 
the worr 



100. In a worm and wfioel let the worm be 
and the diameter of the drum be 14 ins. H' 
must the wheel have if 30 turns of the worm 
20 ins.? If = lO'i ins., what must F bo, if W' 
lbs. actually lifted, 40 per cent being the loss du( 
If the handle is “pushed” to raise the weight, 
right handed or left-handed? (Take ir = ^i^.) 


101. Worm A is douk 
36 teeth. Worm ha. 
ameter of the drum for theV'^'^ded and it 
f. at the e..d of a lB- „ ^'.■ 

he diameter of worm wheel e? ( 



102. A’ is a ( 

teeth. On (he 
gear D, 4-in 
is the left-h/ 
in mc.sh wit.}, 

Disk ff fLU 

loose on this sR \ \ Ji aw* 

. How maVV tw‘n,'w does 
'vill be in the^jid. ' showm ' ^ 

/ (!n\lg»f!).l(^ads ‘ ’ i? 

'y' wheel in thex jis - ' 

to>|^ ' 

howlal^^;V^ 
friction. *■ Kkij, 


It. * 
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80 T. 


" 103. P is threaded through the w 
not turn. Lead of thread on P is 
Worm is double-threaded and right-lj 
turns of B, and which way (right-h 
to raise weighty in,? What wei'- ' 
force of 50 lbs. applied at F? {df' f 


‘m wheel but can- 
right handed, 
led. How many 
[ed or left-handed) 
an be raised by a 
cent friction loss.) 



PuoB. 103 


104. This'p 
and their com 
center A . Plot 
for rtivery 1.5 
Scale oPplot ii 

4 -' 


by cam, 




cam IS mat 
tangents a 
curve showing 
grees movemen 
o be JU3 follows: , 
15 degrees. 
pliicementS of'the follower. 

Make, on the same plo!,y 
the displacenipnts of the foil 
harmonic 


arcs of two circles 
a about the fixed 
lion of llie follower 
'j cam for 
c ■= angles turnc 


“* 78. ^^A 

many turns 

, . H for: 

• ift % 

p'.m 



57105 
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106. Find the outline of a plate cam whii ^ by turning al>out 
the center C as shown by the arrow, shalll jxuse a point A to 
move along the path A-B at a uniform speei s follows: the 

distance A-B in i turn of the cam. Still K um. Remaining 
part of the distance in J turn. Return to m t once over the 
same path as j)revioiisly traversed. Still i m (Take 10 in¬ 
tervals in the distance A-B.) Cam to be fink . 


107. Starting from the position shown, the 
„ drop 2 ins. with harmonic motion 

^ turn, to rise at oi|| 4 l^nch, tc^ 
'“‘"'V • * ’-turn, to droFf'ins. witjJ 

uniformly a'o- \ J and uniformly retarM 
motion in i turiiX. , ^ then to n.se 3 
once. Find the caK if the end A ofm 

lever b in contact with^^cam, the lattc» 
turn in the direction shoWtn^y,( Assume th^ 
is kept in contact with the c^^by somA^ 
ternal force.) 


e \jxisct 

d ?■ - 




J A 
1 ._ 

I 

I 

Fbob. 106. 



Pkob. 


f . For 31 
own, how 
and does f 
tion as A /j 

/)«*<< 

B l.in. in dio#. -• IfM 

VI 


J^ilat^ter gears wi 
&rel is 16i-ins. I 
when 20 ft. of 


:-rr:i€: 


w ' 

A 


w' V/.- 


I 
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109. Piece A carries a pin which piffects into 
the slot on the horizontal piece B, F*d outline 
of a plate cam turning unifox’mly righ^knded to 
act at D and give A the follow’in^' njHon; Still 
for } turn of cam; up 1^ ins. wi'^^armonic 
motion in \ turn; still J turn, dr--’ ins. at 
once, and still J turn. 


Fixed 



vif/n 


Pros. 109 







110. A and R?are two rollers 
the mme frame.# The rollers are 
are always to be in contact wi*' , - 
the^utline o? the cam if the f» * *4^.’ 
harmonic motion in J turn of tb».. 
of the follower during the remt- 


diameter) attached ^ 

, isamc plane and 
«;,'lc plate cam^^fPKd 
be raised l^ITTwith 
ill beJne motion 


- 7fi. 

many turns doi 

- • 




PROBLEMS 


-» 'iL 

113 . ‘^^bylindrleal c&iS'^ ins. outside dii 
the righMfei.-.to move Roller is aA 

.cam. K^^'mOves as ftffibws: To rights 
./ cam. Stw^dr i turn. left tv'ith harh 
i turn. H^e roller is to|^ f in. iii dianWstt 
- give pur^'ixiU^. contaelji^''. Groov^ in cap 
for both i^'^d.bottom^f ^oo% of tEti 
takeplaceA 


meter (turning right handed as seen from 
I ve and moves parallel to the axis of the 

I h harmonic motion IJ ins. in J turn of 
|iic motion IJ ins. in 1 turn. Still for 
^t the large end and of such fprm as to 
®to be i in. deep. Draw development 
kH of\cam;(wluch pauses the motion to 


114 . ai^d D are fixed axes. AB = 1 
in., B(> *='IJ-ins., BII = 3 i- ins., DC = 
ins. Find instantaneous axis of HCH. 
Assuming the velocity of B to be represented 
by a line long, find the linear velocity 
of the poini^/ on the rod BCU, 




^ I ^ 




-2/2^^ -J 

PbS. 114 


• 1 

m., BC as 2 ms., BH - * 

. ' . , ■. e „ ^ Assum¬ 
ing the velocity of B to , 

.by a line 1 in. long, find veia2.;r, 

andofff. ^yof^ 


{j 

Prod. 115 


'^le. «4C 

BC = 2 ins., 
Assuming m 
velocity of/j 


t V J 

bowfl ' as 


L i * • ’ 

theJ-;‘ ^ 

slowesrh^". 


Y-- 


4rr 

/: 


^ m w* i f Seel V 
,r^ter gears wt 
rrel is 16 |-ins./ 
when 20 ft. J 





* .Oeth k^rebs.^. 
a wheel of 54 
itch diameteib 
in are wound 
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PROBLEMS 


122.^ (?,'and llaxe fixed axes. The 

wheel is 2 inji', in diameter and rolls on 
track T without slipping. KM = 2\\ 
ins.,iiLA= = Uips.,^^ = 1 

in., HE = I in.., DC ^ Z\ W, DF = 2% 
ins., DE = ins. If the vmcfcity of A 
is J in., find velocity of C. 


Assuming no slip bo- 
cylitfiiiSsal disks, and 

ramutc, ot the 

slide in ft. po. 




124. .Assumit 

a surface vel 
of the centel 



For 31 
ace 

and does 

iwl ' as 



|Up bctwi 
A = 1 ia.,' 
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PROBLEMS 


’ J 1 ^ 

129. Given the velocity of A repre- 
scnted by a line 1 in. long, find the velocity ^ 'T 
of B. 

J 




f 

ning clAkwis 
is a st^ght 




PnoB. 120 


130. A 2-pitch pinion of 14 teeth is turning clcpkwiso at the rate of 50 r.p.nj. and , 
is driving a ruck. The tooth of the rack is a st^ght line nMking an angle of 22^ 
degrees with the line of centers and the addendum of theMnion is equal to the \ 
module. Find by graphical method the rate of sliding betB^n the teeth at the^ 
pityluHpint and at the end of recess. Give resid|k^in inches minute, assuming 

equals 300 ins. per ^ 

of the ' 1>J’ 


131.' In this lintb»e> 

ins., and AD = 21 ins.\^ 'et BC = AB = f^on. i 
between the p>ositions BiCi'aiT'tvd the centroc^ 
the oeutrode of AD if BC is BjCj and/’ 

Niied. Ji 




^ -- 


132. ADm 

DC = ins.fl 
used in the^K 
Aoring 

rtor varying thn 
motion of PCM 
the setting 


J* -iins., BC 
“ ' -jho^ 





Pbob. 131 


5^- For 31 
e jhown, how 

1 ^ -J and does , 
jtion as /I i 



A 


^fatter get, 
rrel is 16J-b. 124 
when 20 ft 

‘- 






• -il, 

degrew 




ms. 


4 
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.134. AC - BD s= 8 ins., AB = f *) = 3 ins. If 
AB is turning uniformly 25 r.p.m. ca /ulate the max¬ 
imum angular speed of CD in radi jis per minute. 
Sketch the linkage in the position a, .^vhiteh th6 max¬ 
imum angular speed of CD exists. 


B 


a, 

I 



135. .A'gas engine has astro. 

Calculate, and check by graphic • 

‘loving when it is at mid-strpk». the engine is turfting 1100 r.jj.n*. 
acceleration of^he piston wHei^^^* rank is at a dead point. 


)f 5 ins. and a connecting rod 10 ins, long. 
.,.onstruction, the speed ai which the piston is 

Calculate the 


136. Disks M and iV tura 
respective centers, C and .B,.withi 


Rod L slides In 
fixed to disk ^ . 
.coincides with a dial 

•value of ratio ^ 
tfhi 

position shown? 


block at 



out their 
the frame 
which is 


lenter line of the block 
|er of Af ,• What is the 
speed dij 


lar speed d 





137. A swinging-block quick rl 

If the driving crank is 1 in. lon'V. 
the linkage in some convenicni 

replaced by the sliding pair,. 

position (numerical values no 
ratio. ^ 

138. In the swinging bk ' 

BA = 8 ins. and the miniii 
2 ins.; path of P is p< 
time of cutting stroke 
time of return stroke 7 
^ 1“ Find '' 


same 

turn 
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•**V* 

140. Draw a pautograph to connect twol wints A and B, li ins. apart, so that 
the motion of A shall be to the motion of /I is 13 is to 7. (.calculate the distance 
from B to the fixed point. The pantograph 1^ to be so arranged that .4 may move 
at least 5 ins. in either direction along the lir^ through A and B. 


141. Design a pantograph to reduce tl 
that has a stroke of 12 ins., to 3 ins., so that! 
from it. Let the distance from thfe fixed* 
crosshead be 15 ins. Draw half size. 


vtion of the crosshcad of an engine 
e’bgine indicator may be operated 
to the point of connection at the 


142. The three points .4, B, and C are to bi 
A may move uii 4 ins., B up 3 ins., and C 
*4C' = fi ins. Local (; the fixed point and the poili B, and 
then draw a pantograph that will allow .4 to bepnoved 4 
ins. in every direction. 

143. P is to have a stroke of 3 
ins., 4 njd,b to lie on the same vertical 

(.shown in 
^l^g^erue jjosi- 
tious. iCow; iraw in the 

linkage. Then r- iiucing AB 

and adding only ’.s, design a 

pantograph which contain a 

point whose motion is ^ ■sjlel to 
that of P and equal to I of it. “^Jraw 
in tiie pantograph and desii 
the point clearly. 


jected by a pantograph so t^at 
“ 2 ins. , , I 

y H 

A* B ’C 


144. Stroke of P = 2 inches 
in the vertical strq^ line, 
locate the ^)oi 


ing the link R 
point P, 
point with a, 




For 31 
own, how 
and do^ 
jtion as A 

iifj 



• giv- 
^in5|ving 


’pwnw*d froif ' | 
lie highest pf/ /' 
I right of lf| 

1*6 is li; ^ 
to. 


Ti6 


as IS more cot.^ 


—*- 
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, PROBLEMS 


160 . A differential pulley-block is to lift 600 lbs. with a pull of 90 lbs., friction 
being- ne^eoted. Find the ratio of the largl: diameter of the uppef^heave to the 
BihaU^. 04 e; y . 

ui, 'In’, a. differential pulley-block, the sr^'ller diameter of the toper sheave is 
12 iVigf* jJ-is found necessary to haul .over.'j^'. of chain to raise weight 6 ins. 
What .iaJ|l^-other diameter of the upper sheF .? Neglecting frietki, what weight 
would be'j^ed by a pull of 40 lbs. Y i 

^-^62. With a differential pulley-block, if th^ uameters of the sheaves in the fixed 
block are 12 ins. and 11 ins., and if the weight of the lower block is 20 lbs., what net 
weight can be ;jaised by a puU of 120 lbs. on the chain, allowing a loss of 30 per 
cent in friction? How much chain must be overhauled to lift the weight one fo 9 t? 
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INDEX 


Clockwork, 157. 

Closed pair, 9. 

Collar, 11. 

Combination, elementary, 1. 
Components, 225. 

Composition of velocities, 226. 
Compound screws, 188. 

Cones, rolling without slip, 67-72. 
Conic four-bar linkage, 286. 
Conjugate curve-s^ 99. t 

construction of, 99. 

Connecting rod, 221. 

Contact, path of, 97. 

pure rolling, 63. 

Continuous motion, 4. 

Conveyor cliaitis, 55. 

C;ords, 21, 50. 
small, 53. 

jf^’-Jtton card trainr^ ^ 

Counter ni^ *25. 
Coui)ling, 01i!k^ / 

Crank, 16, 221. 
and rocker, 250. V 
pin, 221. 

Crown gears.'' 47. ’V 

Crown-wheei" esuipement, 330. 
Crowning of pulleys, 49. , ^ 

Cj'cloidal gears, 122-138. ^ \ 

low numV)ered teeth, 135. ’ 

Cylind*-r and sphere, rolling, 73. 
Cylindrical cam, 197,/' ' 219. 

multiple iPini, 21i>' 

Cylinders, rollfi. to, 63- 


1 ( 1-1 )eat esc 


63-6^ 


Di> .ill, 5^ 

EccentK 
rod, 2 ) 
Ec(^|^lCl(,y, 


Effective lever arms, 20. jp'i 
Effective pull, 25. smf 

Elementary combination,*! 
EU ncuts, expansion of, ^ b 
( irs of, 8. jt M 

Ell jcs, rolling, 81, 82. jf# 
Ell^ lie chuck, 283. ^ 

trammel, 281. 

Engine, oscillating, 270. 
Epicyclic train, 166-179. 
Epitrochoid, 104. 
EscapemcSit, 311. 
anchor, 331. 
chronometer, 334. 
crown-wheel, 330./^) 
dead-beat, 332. ; 

Graham cylinder, ^3. 
Escaiiemcnts, 330. 

Expansion of elemen£^274. 


F«ce, of gear, 94. 
of tooth, 94. 
width of, 94. 

Feather, 11. 

A 

/ ' on's paradox, 171. 
! acting, 04, 
ooth, 91. 

de coimectois, 21. 

%, 2 . 


’jjmund, 24. 

^^linkage, 221-245. 

S s[>ced ratio, 246. 
j 4 ^ms for change .jn speed ratio, 

Ai8. 

Pon-parallel crank, 254. 
nrallel crank, 254. 

.(tive motion of links, 246. 

ig slot, 273. 

. a^ng block, 267. 

.'.ming block, 271^ 

Lme. 2. ' -*'■ 


■^me, 2. 
'■'mency ol 
ion catc! 


»)nge 


,c,i'66. 


ite^06-122. 
\|8. • ^ 
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86 . 

'erential, 173, 177. 

8 . 


138. 

numbers of teeth, 1 



portions of, 122. 


Gears, anni 
automobili 
bevel, 144 
cliissi6e(l, 
crown, 86, 
cycloidal, 
cycloidal, I 
drives, 86. 
epicyclio, 166-179. 
faue of, 94.' 

.helical, 86, 149-152. 
lielical, speed ratio, 152. 
herringbone, 86,139. 
hyperboloidal, 86. 
intcrchangieablc, 
involute, standai 
mitre, 8(). 
pin, 139-143. 
reduction, 162. 
screw, 148. •• . 

sepamtion of' 119. 
skcwyji6., ■ 

slcew bevel, 147. 
sliding eliminated, 139 
, stepped, i38. 
twisted, 138.. 
twisted l)evel.’ ^7. 

Geneva stop,- 
Graham ejmnd^r escsipeinent, 333! 
Gudgeon^ 10.' ■ t. | ^ *- 
Guide imllcys, 40. ' ■ 

Guides, 10. 

Hannonic motion, 7. 

Helical gears, 86, 149-152. 
speed ratio, 152. 

^ Helix, the, 148. ‘ 

Herringbone gears, 86, 139. 
Ilighenipair, 9. 

Hookes’ joint, 287- 


i 


Instantaneous axis, 228. 

of a rolling body, 229. 
Instantaneous center, 229. * 
Interchangeable, involute gears, 119. 
Intermittent motion, 4. 
from continuous motion, 324. 
from reciprocating motion, 311. 
Inversion of pairs, 10. 

Involute, ap])licd to gear teeth, 106. 
Involute^gears, separatipn of, 119. 
Involute, of a circle, 105. 

Isosceles linkage, 278-284. 

Journal, 10. 

Keys, 11, 

Key way, 11. 

Kinematic chain, 244. 

Lead, 149. 

Lever, double 
nipping, 319.1 
Lever arms, ef 
Levers, 16-2Q^ 
bell eras 
land < 

motj^ fron)i 

^f connection, 22. 
ir acceleration, 5. 
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INDEX 


Mcchaniam, 1. 
constructive, 2. 
pure, 2. 

Mitre gears, 86. , 

Module, 95. 

Morse rocker-joint chain, 62. 

Motion, 8. 
continuous, 4. 
cj'cle of, 4. 

from levers, 17. c 

graphical representation of, 224. 
harmonic, 7. 
intermittent, 4. 
kinds of, 7. 
modiBcation of, 8. 
parallelogram of, 225. 
parallelopipcd of, 226. 
period of, 1. 
reciprocating, 
resultant, 225. 

Multiple tiu'u cvff^ I (cam, 215-218. 


f f> 

ipie uuu cvlTvj^ / |cam, 

' V 

:, 10 . \ 

linor lovpv '' 


Neck 

Nipping lev^- -'-• ■ - 

Non-cyli^.'‘'’"*^P®on^ft(*es,\.^^ng of, 77- 

S5. ^ 

Normal accelerati 


'ationJj,_,f| 

Normal pitch, 109, 149.*'* 
relation to circular pitch,^Q 
Nut, 10. ■'?. 

f ^ - 



Obliquity of 
Oldham’s coup 
(Kscillating en; 


V. 


V** 




Pawl, 312. 
double acting, 315. 
reversible, 313. 

Peauccllier’s straight mechanism, 
\ 291. 
l4 ^istal, 10. 

P^phery-speed, 14. 

Pillow-block, 10. 

Pin gears, 139-143. 

Pitch, axial, 149. 
circles, 94. 
circula^, 95. 
diametral, 95. .< 

normal, 109, 149. jf 
number, 95. 
point, 94. /1 

surface, 22. 

Pivot, 10. I* 

Plane, inclined, 180, Kl. 

Planer drive, 158. 
plate cam, 197, 200-212. 

with Bat follower, 210. 

Plumber-block, 10. 

Positive motion plate cam, 209 
Power transmission chains, 57. 

Power, unit of, 24. 

Pressure angle, 97 
Pulley, 21. 

Pulley-block, triplex, 176. 

Weston differential, 310. 
ulley-blocks, 307. 
uUeys, crowning of, 49. 
guide, 40. 
stcpiied, 30 
stepped, equal, 34. 
tight and loose, 50. 




v^iarter-tum belt, 38. 

^'aick return, swinging block^ 267-’'270. 
Whitworth, 27-1. 


'C 

^ y md 
i\ aUel(j 
P Jilleli 

l4,h, 3i 



?^^k and pii 

12 .; 

^het 


tion, <t. 
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[of, 12. 

12 . 

le mechanism, 302. 



Resolution a Scomposition of velocities, 
typical iflblerns, 230-24:1. 
Resolution oSelocitics, 226. 

Resultant, Z- 
Resultant m' ^ 

Revolution, 

Revolving bo^ Jb, 12. 
angular sp<3^"' 
linear speed 
Robert’s straight 
Rocker, 16. 

Roller chains, 69. 

Rolling bodies, velAities of point on, 230. 
Rolling contact, pifte. 63. 

Iloot, circles, 94. 

distance, 94. 

Rope driving, 51-^ 
systems of, 51. 
grooves for, 63.^ 

Ropes and cords, 50. 

Ropes, wire, 54. 

wire, grooves for, 56. 

Rotation, 4. 

axis of, 4. 

^ direction of, 4. 
plane of, 4. 

Scott Russell, straight-line mechanism, 
292-294. 

Screw, 10. . - 

cutting, 190=-193. . * • 4 

gears, J148. i 

rotatibd cayised by axial pre^re, 190^.' 
tluea(^, 181. <i|r 
SOrews, d^erential, 188. 

speed ftitio, 187. 

Shafts iconnected by t^elt, cuiectional re- 
* latian, 2^ . * 

speed ratip;^* 

Silent'chaii]% 60. 

'Sileqj^f^, 32(1. * 

■ *‘Skew.;bev^, l47? 'A 

^ ag-blo<^ linkfi 
. x^iiig slot-linkage,.: 

'Sp0ed, angular, 5. 

cones,difi. * i 
linear, w|B ^ 

periphery 


Speed, relation between forces anc4 
15. 

surface, 14. 
uniform, 5. 
variable, 5. 

Spindle, 10. 

Spline, 11. f.'- 

Sprockels, diameters of, 60. 

Spur geans, 86. 

twisted, 86. , 

Star wheel, 327. 

Step, 10. 

Stepped pulleys, 30. 
for crowned lujlt, 31. 
for 07 >en belt, 33. 

Stepped wheels, 138. 
olruiglit-line mechanism, 291. 
Peauiudlicr’s, 391 • 

Roberl’.'i, 301 
Scott Rus.s(S. 

Tchebicheff’'^ 

Watt’s, 295-2 \ / 

Sun and pLinei 170. 

Surface speed ’ . * 


J 




Mi. 


Swash-plat^p^/So. 

SwingintaiKlIock li 

/ / 

Tangential,OtflCration, 6. 

Tchebich' M straight line mechanism, 
301 # 

Tliread8,icfU' ^%J86. 
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